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Abstract
Three organophosphoric acid triesters, tributyl phosphate (TBP), tris(2-chloroethyl)
phosphate (TCEP), and tris(2-butoxyethyl) phosphate (TBEP) have been detected in
surface waters across the world, primarily the result of sewage treatment plant discharge.
Despite concentrations as low as a few parts per trillion, there is growing concern over
the potential impact these compounds can have on human and environmental health.
This study is an attempt to identify the presence of natural removal processes for these
three organophosphoric acid triesters within the Chattahoochee River near Atlanta,
Georgia, USA.
Samples were collected during the month of January at various sites along the
Chattahoochee River. They were subsequently analyzed for concentration of all three
organophosphoric acid triesters. These concentrations were then implemented in the
construction of mass balances with the intention of identifying a sink term for each
compound. A separate set of samples were collected and analyzed at various times over a
24-hour period. These results were used to calculate a biodegradation rate for each
organophosphoric acid triester within the Chattahoochee River.
The results demonstrate that these three compounds are persistent in the Chattahoochee
River over the course of one day. This conclusion is specific to the time of year and
location of sampling. Despite findings of no significant natural attenuation, this study
should be used as a foundation for future research into the removal of low-level
contaminants within the Chattahoochee River.
Keywords: Organophosphoric acid triester Tributyl phosphate
Chattahoochee River Tris(2-butoxyethyl) phosphate
Biodegradation Tris(2-chloroethyl) phosphate
Thesis Supervisor: Peter Shanahan
Title: Lecturer of Civil and Environmental Engineering
Thesis Supervisor: Philip M. Gschwend
Title: Professor of Civil and Environmental Engineering

Natural Attenuation of Organophosphates in River Systems:
Chattahoochee River Case Study
Lake Sidney Lanier in Buford, Georgia
Matt Andrews
Department of Civil and Environmental Engineering
Massachusetts Institute of Technology

Table of Contents
List of Figures ................................................................................................ 8
List of T ables ................................................................................................. 8
1. Introduction ............................................................................................... 9
11. O rganophosphoric acid triesters .......................................................... 11
A. Background ............................................................................................................ 11
B. USGS/CDC Study ................................................................................................... 12
C. Predicted Environm ental Loading ....................................................................... 13
C. Fate in River System .............................................................................................. 14
a. Volatilization ......................................................................................................... 15
b . S o rp tio n ................................................................................................................. 16
c. Photodegradation ................................................................................................... 17
d. Hydrolysis ............................................................................................................. 18
e. Bioaccurnulation ................................................................................................... 18
f Biodegradation ....................................................................................................... 19
111. Experiment M ethods Summary .......................................................... 21
IV . D ata A nalysis / R esults ......................................................................... 24
A. Data Validation ...................................................................................................... 24
B. River M ass Balance ................................................................................................ 28
C. Biodegradation Data .............................................................................................. 29
1. Raw Data ............................................................................................................... 29
b. Data Analysis ........................................................................................................ 30
c. Discussion of rate constant .................................................................................... 32
V . C onclusions and Future Studies ........................................................... 34
V I. R eferences ............................................................................................. 36
V II. A ppendices ........................................................................................... 40
-7-
List of Figures
Figure 1: Frequency of detections above 0.06 pg/L threshold in USGS/CDC study 13
Figure 2: Chattahoochee River Sampling Sites......................................................... 21
Figure 3: Blank chloroform GC/MS output............................................................. 24
Figure 4: Map of USGS/CDC and MIT sampling sites............................................ 26
Figure 5: USGS/CDC and MIT data comparison.................................................... 27
Figure 6: Mass Balance Schematic........................................................................... 28
Figure 7: Plot of typical data, depicting the typical scatter resulting from
biodegradation studies......................................................................................... 30
Figure 8: Derivation of biodegradation equation ................................................... 31
List of Tables
Table 1: Predicted concentration in Chattahoochee River ..................................... 14
Table 2: Henry's Law Constants [6, 7,81 ................................................................. 15
Table 3: Carbon-Water Partition Coefficients [6, 7, 8]............................................ 16
Table 4: Octanol-Water Partition Coefficient [6, 7, 8]............................................ 19
Table 5: Results of linear regression analysis........................................................... 32
-8-
1. Introduction
Recent breakthroughs in analytical chemistry have allowed the detection of aquatic
pollutants at concentrations as low as a few parts per trillion. Thus far thousands of
compounds have been identified across the world. There is a great deal of uncertainty
associated with the effect of these compounds on human and environmental health.
Scientists are working diligently to assess the risks associated with various classes of
contaminants. One group in particular is the organophosphoric acid triesters. These
compounds are manufactured for a number of industrial and domestic applications and
have been detected in surface waters throughout the world [1]. These compounds are of
particular interest because of their widespread production and consumption combined
with their documented potential for long-term toxic impacts [2].
Studies in Japan, Europe, and the United States have documented the presence of
organophosphoric acid triesters in sewage treatment plant effluents entering natural
receiving waters. These waters serve not only as the habitat for countless forms of biota
but often the drinking water source for human communities [1, 3, 4]. The United States
Geological Survey (USGS) in conjunction with the Centers for Disease Control (CDC)
conducted a survey along the Chattahoochee River during the summer of 1999 in which
they detected dozens of organic waste compounds. Three compounds with some of the
highest detection frequencies were organophosphoric acid triesters: tributyl phosphate
(TBP), tris(2-chloroethyl) phosphate (TCEP), and tris(2-butoxyethyl) phosphate (TBP).
After detection, the next step is an exploration into the fate and transport of these three
organophosphoric acid triesters in the Chattahoochee River. The goal of this thesis is to
determine if natural attenuation of these compounds exists within the Chattahoochee
River. Samples were collected at four sites along the Chattahoochee and analyzed for the
presence of each organophosphoric acid triester. Coupling these concentrations with
flow rate along the river and source inputs from several sewage treatment plants (STPs)
on the Chattahoochee, several mass balances were completed. The intent was to reveal a)
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whether significant sinks exist and b) which portions of the river are likely to contain an
organophosphoric acid triester sink.
Upon consideration of the physical and chemical properties of these compounds, it was
reasoned that biodegradation was a likely removal mechanism over the time period of
flow down the Chattahoochee. To test for the presence of biodegradation, a second set of
samples was collected and incubated prior to analysis at various times over a 24-hr
period. These results were then analyzed in order to obtain a decay rate for each
compound.
In this thesis a review of each organophosphoric acid triester will be presented, followed
by a brief explanation of the sampling and analysis methods (refer to Appendix 1 for a
detailed description). Results will be then be reported and discussed, drawing
conclusions regarding natural attenuation in the Chattahoochee as well as identifying
potential follow-up studies.
Included in Appendix 12 is an excerpt from a perspective piece on the emerging issue of
pharmaceuticals and personal care products in the aquatic environment. Although not
formally included in this family of compounds, organophosphoric acid triesters pose
similar concerns and many of the recommendations for exposure assessments and
chemical loading reduction are applicable.
- 10 -
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I. Organophosphoric acid triesters
A. Background
Organophosphoric acid triesters have been manufactured since the early 1940s for use as
flame-retardants, plasticizers, hydraulic fluids, and solvents [1]. TBP has specialized
functions in textile manufacturing and cloth dyeing as well as the nuclear fuel processing
industry [5]. TCEP frequently serves as a flame retardant plasticizer in polyurethane
foam while TBEP is commonly found in floor polishes and as a plasticizer in various
rubber and plastic products [2, 6, 7, 8].
Of the over 250 organophosphorus compounds in production, TBP, TCEP, and TBEP are
manufactured at some of the highest volumes. In the U.S. alone, production of TBP and
TCEP has been consistently reported in the range of 1-10 million pounds a year, while
TBEP has experienced a growth in production, reaching 10-50 million pounds in 2002
[9]. Similar high volume production is occurring in Europe as well, with production
reported for each compound at several thousand tonnes [2].
Due to the heavy production and widespread application of organophosphoric acid
triesters, scientists have been concerned about the potential for introduction into the
environment. As early as the mid 1970s organophosphoric acid triesters have been
detected in surface waters [10]. Studies have demonstrated that STPs are a major source
of these compounds to the aquatic environment, despite their high removal efficiency [2,
3]. In addition to STPs, rainfall has been shown to supply significant levels of
organophosphoric acid triesters to both surface and groundwater [2]. Another important
exposure pathway for these compounds is through inhalation. Two separate studies
analyzed organophosphoric acid triesters in indoor dusts [11, 12]. Both studies identified
TBEP and TCEP as being the most abundant organophosphorus compounds detected.
Having demonstrated that both humans and biota across the world are frequently being
exposed to organophosphoric acid triesters, toxicologists have now begun exploring the
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potential adverse effects these exposures can have. A two-year study on long-term
exposure revealed that TCEP is carcinogenic to both rats and mice. Delayed
neurotoxicity and organ damage frequently resulted, and brain lesions occurred in 40% of
female rats [13]. Other organophosphorus compounds have been identified as
carcinogens as well [13, 14, 15, 16]. In a separate study TCEP was demonstrated to
damage reproductive function in rats [17]. TBP and TBEP have been shown to inhibit
brain and plasma cholinesterases in poultry [18]. There is a critical need for more
studies, but the early indications are that these three organophosphoric acid triesters are
toxic and exposure should be minimized. In addition to understanding their toxicity,
more research is needed to determine the fate of these compounds in the environment so
that the magnitude of environmental exposure can be fully assessed.
B. USGS/CDC Study
One of the leading investigations into the presence of TBP, TCEP, and TBEP in the U.S.
took place during the summer of 1999. A large-scale chemical survey was conducted
along a 50-mile stretch of the Chattahoochee River by the USGS/CDC. Dozens of
compounds were surveyed, including TBP, TCEP, and TBEP, with concentrations being
reported at various locations [19]. Concentrations above the analytical detection limit
were found for the organophosphoric acid triesters at every type of sampling site,
including STP outfalls, within the Chattahoochee River, and in drinking water plant
effluent (Figure 1) [19]. The concentrations observed were between 10 and 2000 parts
per trillion, remarkably consistent with studies completed on rivers in Germany, Japan,
Norway, and Spain [1]. Higher concentrations were detected in STP effluent than in the
Chattahoochee, an indication that STP discharge is a major source of organophosphoric
acid triesters to the river (Appendix 2).
Having gained access to the USGS/CDC data and observing their high rate of
organophosphoric acid triester detections, it was decided for this study to use the
Chattahoochee River as the sampling site. Few studies have explored how these
compounds react in surface waters and whether they are naturally degraded [2, 3]. This
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thesis seeks to answer those questions for the same 50-mile stretch of the Chattahoochee
River.
Figure 1: Frequency of detections above 0.06 pg/L threshold in USGS/CDC study
C. Predicted Environmental Loading
The loading of organophosphoric acid triesters to the environment can be estimated from
information about production in the U.S. and a per capita use rate. The annual production
of TBP and TCEP in the U.S. has consistently ranged between 1 and 10 million pounds
over the past twenty years. TBEP has experienced moderate growth in recent years, with
a production range of 10-50 million pounds [9].
First, an estimate of the population living within the Chattahoochee River Basin was
made based on 2003 U.S. Census Bureau predictions for the surrounding counties [20].
The nine Georgia counties situated along the 50-mile stretch of the Chattahoochee River
- 13 -
100
90-
80-
70-
Percentage of 60-T
Samples w/ *TTBP
Detections
>0.06ug/L 40- OTBEP
30-
20-.
10-
Treated Tributary - Tributary - Chattahoochee Chattahoochee
Effluent Base Flow Wet Flow Base Flow Wet Flow
M. Andrews
have a population of 3.3 million. The U.S. Census Bureau also predicts the 2003 U.S.
population to be just under 291 million [21]. The percentage of U.S. inhabitants residing
within this region of the Chattahoochee River Basin is multiplied by an average annual
production value for each organophosphoric acid triester. Five million pounds per year
was used for TBP and TCEP and 25 million pounds per year was used for TBEP. This
yields an estimate of environmental loading to the river. This calculation assumes 100
percent of designated organophosphoric acid triesters end up in the river and that per
capita consumption is constant, both leading to a high-end estimate. These loadings are
then divided by an average annual flow rate for the Chattahoochee River to give a
predicted concentration within the river (Table 1) [22].
Table 1: Predicted concentration in Chattahoochee River
Cnattanoocnee Annual -stimated
River Basin U.S. % w/in Production Avg. Flow concentration
Population Population Basin (kg/year) rate (L/yr) (ug/L)
TBP 2.E+06 TBP 7.E+02
3.3E+06 2.9E+08 0.011 TCEP 2.E+06 3.2E+12 TCEP 7.E+02
TBEP 9.E+06 TBEP 3.E+03
These concentrations are two orders of magnitude higher than those detected by the
USGS/CDC study, which is reasonable given the assumptions made. They also match
the observed higher concentrations of TBEP in the river. Therefore, the results seen in
the USGS/CDC study compare favorably with the predicted concentration.
C. Fate in River System
An understanding of the fate of each organophosphoric acid triester begins with a study
of the physical, chemical, and biological processes capable of removing them from the
river system. Several mechanisms have been screened to determine which had the
highest potential to reduce concentrations over the travel time down the Chattahoochee
River. This time period was approximated by knowing the distance of the stretch of river
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of interest (~50 miles) and the average flow rate moving down the river (-2 miles/hr),
yielding a time scale of approximately one day.
1. Volatilization
Volatilization is the process by which a compound partitions from a liquid to gaseous
phase (for example, water to air). A measure of a compound's propensity to partition
into the air phase is its Henry's Law constant, which is the equilibrium ratio of
concentration in the air to concentration in the water. Based on published Henry's Law
constants, TCEP is the most likely of the organophosphoric acid triesters to be
substantially affected by volatilization (Table 2). An approximate TCEP flux into the
atmosphere was calculated using the thin-film model for air-water exchange [23]. Given
each organophosphoric acid triester's affinity for the liquid phase (low Henry's Law
constant), an air-side controlled model was implemented [24]. An empirical formula was
used to approximate an air-side gas exchange coefficient, ka, which is only a function of
wind speed (The average annual wind speed for the Atlanta metropolitan area is reported
as 9.1 miles per hour [24, 25]). Assuming TCEP concentration is essentially zero in the
atmosphere and approximately 0.01 gg/L in the river, TCEP flux to the atmosphere
(gg/m2*day) was calculated using
J ~ ka -Cw -H [23]
J = flux of organophosphoric acid triester
ka = air-side gas exchange coefficient
Cw = organophosphoric acid triester concentration in river
H = dimensionless Henry's Law constant
Table 2: Henry's Law Constants [6, 7, 8]
Henry's Law Constant
(atm * m3 / mole @
Chemical 200C)
TBP 1.41E-06
TCEP 3.29E-06
TBEP 1.20E-06
15 -
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Multiplying the flux of TCEP by the area of the 50-mile stretch of river (width is a
generally constant at about 150 feet) yields an estimate of daily TCEP loss to the
atmosphere as 9000 pg/day (Appendix 3). In contrast, typical TCEP mass flow down the
Chattahoochee is
AverageFlowRate -AverageConcentration = Mass / day
lOOm 3 / s .0.01,ug / L .86,400s / day .1000 L / m = 9 x 10 'pg / day
Therefore, losses to the atmosphere are only a tiny fraction of the organophosphates
present in the river, and volatilization is not a significant sink.
2. Sorption/Settling
Sorption is defined as the process by which compounds partition from the aqueous phase
to the solid phase, either through adsorption or absorption. In a river system, the solid
phase might be a settling particle. In this case, the compound would be removed from the
flowing river and enter the bottom sediment. A partition coefficient, Kd, is usually
implemented to quantify the distribution between the solid and water phase. For organic
matter an organic carbon-water partition coefficient, K., is used to correlate the organic
compound's affinity to sorb to other carbon-based material rather than remaining in the
aqueous phase (Table 3).
Table 3: OrganicCarbon-Water Partition Coefficients [6, 7, 8]
Carbon-Water
Partition Coefficient
Chemical (mL/g)
TBP 189
TCEP 301
TBEP 24000
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TBEP is clearly hydrophobic and the most likely organophosphoric acid triester to be
removed via sorption. A quick calculation can be used to estimate the concentration of
TBEP in the solid phase.
CSolid (mgP / gcarbon) = Koc (mL I g) .Cwater(mg / L) -(L / 1 OOOmL)
Csolid (mgP / gcarbon) = 24,000(mL / g) -(10 -'mg / L) -(L / 1 OOOmL)
Cid (mgCEP /gcarbon) = 2.4 X 10-
Organic carbon concentration in the Chattahoochee River was measured by the Atlanta
Water Works Facility to be 1.5 mg/L. An estimate of TCEP sorption can now be
calculated as just over 3 pg/day (Appendix 4). Due to their lesser affinity for partitioning
to sediment, TBP and TCEP can safely be assumed not to appreciably partition as well.
Consideration must be made for the amount of organic carbon in the Chattahoochee
River that is colloidal and how much eventually settles to the riverbed. Factors such as
coagulation of particles and settling velocity must be considered. The flux of mass
between the riverbed and flowing water due to various mixing processes must be
estimated as well. Further investigation into the transport of sediment in the
Chattahoochee River may lead to the identification of significant organophosphoric acid
triester removal.
3. Photodegradation
Photodegradation occurs by one of two mechanisms. The compound can absorb photons
of light, inducing chemical reactions and/or breaking of specific chemical bonds, in a
process called direct photodegradation. Alternatively, indirect photodegradation involves
chromophores, which absorb photons of light and transfer that energy to the chemical of
interest, initiating degradation reactions. Highly reactive compounds can be formed this
photochemical process, such as hydroxyl radicals (OH), which subsequently react and
degrade other compounds. Studies have demonstrated that the rate of decay of TBP,
TCEP, and TBEP by either form of photodegradation is virtually negligible due to their
low absorbance of photons [26].
- 17 -
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4. Hydrolysis
Hydrolysis is the process in which chemical bonds are broken by reactions with water.
The water-based reactant can be neutral (H20), acidic (Hf), or basic (OH-).
Organophosphoric acid triesters are broken down at the P-O bond by a hydroxide ion,
OHf, or at one of the C-O bonds connecting a functional group by a neutral water
molecule, H20. Acid-catalyzed reactions do not occur with organophosphoric acid
triesters. Trimethylphosphate is broken down by both of these reactions with a half-life
of 1.2 years. Triethylphosphate is exhibits a half-life of 5.5 years. This leads to the
conclusion that the next compound in the sequence, tributylphosphate, will have a half-
life of at least several years, well beyond the time scale of the Chattahoochee River [27].
TCEP and TBEP have leaving groups that break apart more readily then TBP. However,
these compounds do not break down to the extent of triphenylphosphate, which is
degraded by both neutral and base-catalyzed reactions with a half-life of 320 days [27].
Therefore, neither TCEP nor TBEP will exhibit breakdown via hydrolysis over the travel
time of the Chattahoochee River.
5. Bioaccumulation
Bioaccumulation refers to the uptake (e.g. consumption, adsorption, etc.) of pollutant
chemicals in aquatic organisms. The chemical is removed from the environment if it is
metabolized or otherwise degraded within the organism. Typically, chemical uptake by a
particular aquatic animal is conveyed by a bioconcentration factor (BCF), which is
defined as the ratio of the chemical concentration within an organism to the aqueous
concentration. Regression equations have been formulated as a way of creating a
partition model, dependent only on a chemical's octanol-water partition coefficient, Kw.
These models assume equilibrium exits between the aquatic environment and animal
tissue. Kinetic models are another way to examine bioaccumulation, which account for
the various mechanisms that might affect bioaccumulation (ex. dynamics of ingestion,
excretion processes, metabolic transformation, etc.). These models are specific to
environmental conditions and type of species. Considering only Kw values, TBP would
- 18-
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be expected to bioaccumulate more than the other organophosphoric acid triesters (Table
4). Published studies on various fish species verify this prediction, but with insignificant
overall TBP removal [28, 29].
Phytoremediation, the process by which flora absorb compounds through their root
systems, is another possible sink for organophosphoric acid triesters. The chemical is
stored, degraded within the plant, or transpired to the atmosphere. There is insufficient
evidence that the amount of aquatic biota located within the Chattahoochee River is
capable of removing significant amounts of organophosphoric acid triesters over a time
period of one day.
Table 4: Octanol-Water Partition Coefficient [6, 7, 8]
Chemical log K0,
TBP 4.00
TCEP 1.70
TBEP 3.65
6. Biodegradation
Biodegradation is the transformation of a chemical substance through the actions of
microorganisms, which often utilize the chemical or its degradation products as a
nutritional source. Biodegradation ranges from primary degradation, where a single
transformation occurs, to complete mineralization, or the breakdown of a chemical into
carbon dioxide, water, and inorganic forms [30]. Several studies in Japan have shown in
lab experiments that all three organophosphoric acid triesters biodegrade aerobically [3,
31, 32]. Other laboratory studies have demonstrated the effects of pH and temperature
on the biodegradation of TBP by Pseudomonas spp., which have been shown to be
upwards of 99 percent efficient at TBP removal [5, 33, 34]. Other experiments have
been conducted using an Acinetobacter sp. (ATCC 55587) [35]. Two experiments
sought to couple the biodegradation of TBP with industrial processes, harnessing the
breakdown of TBP for the removal of uranium from aqueous solutions and the
remediation of acid mine drainage waters [5, 33].
- 19 -
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Based on this preliminary inspection of the predominant removal mechanisms,
biodegradation is believed to be the most promising to achieve substantial removal over
the time scale of one day. Studies have been conducted to examine the complex kinetics
involved in the biodegradation of organic contaminants in river systems, implementing
batch reactor models [31]. Field experiments have revealed that a decrease in
organophosphoric acid triester concentration downstream of a STP outfall is likely the
result of aerobic biodegradation. Another sampling study was performed to determine
specific decay rates for the removal of contaminants by biodegradation [36]. This is the
same objective as the sampling reported in this thesis.
- 20 -
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II. Experiment Methods Summary
In order to facilitate a comparison of results, the same 50-mile stretch of the
Chattahoochee used during the USGS/CDC study was implemented in determining
sampling sites for this study. Four locations along this stretch were chosen for sampling,
beginning at Buford Dam and ending downstream of the Atlanta Water Treatment Plant
Figure 2: Chattahoochee River Sampling Sites
-21-
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in northwest Atlanta. Two intermediate sampling sites were chosen, one behind the
Morgan Falls Dam in Bull Sluice Lake and another located further upstream near the
town of Roswell (Figure 2). The specific sampling locations were chosen based on
accessibility to the river and a desire to sample downstream of STP outfalls. The goal
was to be far enough downstream of the outfalls that it can be reasonably assumed that
the organophosphoric acid triesters were well mixed within the river and no attention
need be paid to transverse concentration variations.
The sampling sites divide the 50-mile stretch into three sections, Buford Dam to Roswell,
Roswell to Morgan Falls, and Morgan Falls to Atlanta, each containing two STP sources.
The sites serve as end points for three separate mass balances on the river. Combining
the concentrations measured at each site with flow rate data for the Chattahoochee River
yields input and output mass rates for each mass balance. By combining concentrations
from the STPs discharges [19] with their typical effluent flow rates [37], the source term
for each mass balance can be constructed. Although other sources of organophosphoric
acid triesters exist (e.g. atmospheric deposition, groundwater infiltration, land runoff) it is
assumed that these inputs are negligible compared to STP effluent. The only remaining
variable is the sink term, which is a simple mathematical exercise to evaluate (Appendix
5). A positive sink term indicates the likely presence of removal mechanism within the
river.
During the second experiment, two separate sets of samples were collected at each site in
order to specifically target biodegradation as a removal process. These samples were
stored in a water bath full of river water for either 5 or 24 hours, allowing biodegradation
to proceed. At the allotted time following collection from the river, the samples were
removed from the bath and analyzed for organophosphoric acid triester content.
Coupling these results with the samples collected for the mass balance (0-hour),
organophosphoric acid triester concentration was analyzed with respect to time, yielding
a biodegradation removal rate. Triplicates of each sample were collected for a total of
- 22 -
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nine at each site. The reason for additional samples was to increase the likelihood of
reliable results and allow for the prospect of ruined samples.
Every river sample was tested for organophosphoric acid triester content through a
combination of liquid-liquid extraction and gas chromatography/mass spectrometry
(GC/MS). A total of 400 mL of chloroform was introduced to each 3.8-L river sample,
extracting the organophosphoric acid triesters from the water. The chloroform was
allowed to settle, then pipetted out of the river sample. The volume of chloroform was
then reduced through roto-evaporation and N2 blow-down processes. Once the samples
had been sufficiently condensed, an injection standard was supplied just before analysis
on a JEOL GC/MS. A short calculation, utilizing this injection standard, converted the
GC/MS signal to the original river concentration. For a more detailed description of the
sampling procedure and lab analysis, refer to Appendix 1).
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IV. Data Analysis / Results
A. Data Validation
The preliminary component of the data analysis was to validate the results utilizing
several mechanisms. The analytical methods used to derive the data were validated
through a comparison with blank solutions, standards containing a known quantity of
each organophosphoric acid triester, and a comparison to other data extracted from the
same equipment. The lowest concentration standard tested was 500 pg/L of chloroform.
Given that each river sample was condensed by a factor of approximately 40,000 (3.8 L
reduced to 0.1 mL) the concentration of 500 pg/L of chloroform in the GC vial
corresponds to a river water sample of approximately 0.01 pg/L. Therefore, the best that
can be stated with assurance is that the detection limit of the GC/MS is 0.01 pg/L, or
lower.
Blank solutions, containing only chloroform from the same source as each sample, were
interwoven into sample runs in order to check for interference from the GC/MS. At no
time did blank solutions yield discernable peaks at any of the four output times, an
indication that the chloroform contributed less than 0.01 pg/L of organophosphoric acid
triesters (Figure 3). This is relative assurance that neither the chloroform used nor the
GC/MS supplied more than 0.01 pg/L to the results.
1. Blank 1: MEngSIM.msm; pmt-500
1290:
1200-
1120-
1040
960-
980-
800-
720
Scan 5I0,1000, 1500 , 2000
Min. 10 15 20
Figure 3: Blank chloroform GC/MS output
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An inspection of previous work performed on the same GC/MS equipment revealed that
a similar count per mass ratio of injection standard was observed, indicating that the
equipment had remained relatively consistent.
Data published from the USGS/CDC study was used to give a sense of the expected
concentration and a degree of confirmation. The flow in the Chattahoochee is extremely
variable, fluctuating by as much as a factor of ten on a particular day. Therefore,
depending on the precise time that samples were taken by the USGS, results may vary
from the results of this study due to dilution [37, 38]. Differences in sampling and
analysis procedure could also lead to variations in results. An order of magnitude
difference, therefore, is deemed sufficient for an agreeable comparison of the two studies.
As mentioned previously, the USGS/CDC study detected these three organophosphoric
acid triesters at concentrations typically observed throughout the world [1, 19]. The only
samples representative of the Chattahoochee River by the USGS/CDC were the three
drinking water intakes. Fortunately, these sites align reasonably well with the Roswell,
Morgan Falls, and Atlanta sampling sites, allowing a comparison to be made (Figure 4).
However, no detections were observed for TBP at the any of the drinking water intakes.
Because the USGS/CDC's detection limit was 0.06 pg/L, concentrations were at least
below this threshold. For general comparison purposes it is assumed that since there is a
constant source of TBP from STPs, the non-detects do not constitute a zero
concentration. As a result, the only conclusion that can be made for TBP is that both sets
of data determined concentrations below 0.06 pg/L.
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Figure 4: Map of USGS/CDC and MIT sampling sites.
A more direct comparison can be made for TCEP and TBEP. Both studies detected these
two compounds at concentrations of the same order of magnitude (Figure 5). Realizing
that the data collected in this study matches not only the USGS/CDC, but several other
surveys throughout Europe and Japan substantially raises confidence in the results.
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Figure 5: USGS/CDC and MIT data comparison.
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B. River Mass Balance
The objective for collecting samples at various sites was to divide the river into smaller
segments that can act as control volumes for organophosphoric acid triester mass balance
calculations. Each river control volume contains an advective input determined at one of
the sampling sites, an advective output at the next sampling site, and sources at STP
discharges (Figure 6). It was assumed that no other major sources exit. This is a sound
assumption given the various uses of each organophosphoric acid triester. An analysis of
each control volume, comparing inflows to outflows, yields a quantity of unaccounted
mass. If a sink is active within the particular stretch of river, there will be less mass
exiting each control volume than being added. Additional mass exiting the control
volume suggests the presence of sources other than the major STPs.
Sampling
Site #1
(Inflow)
(kg/day)
Unaccounted Mass
STP Source #1
(kg/day)
STP Source #2
(kg/day)
Figure 6: Mass Balance Schematic
Mass balances were constructed by first multiplying the average concentration at each
sampling site by the average flow rate at that point to yield a mass rate entering and
exiting the control volume via river flow [37]. Average STP discharge concentrations
were then taken from the USGS/CDC study and multiplied by average plant discharge
-28-
Sampling
Site #2
(Outflow)
(kg/day)
Chattahoochee River
M. Andrews Natural Attenuation of Organophose
rates obtained from plant records to yield a mass rate entering the control volume. There
were two STPs located between Morgan Falls and Atlanta whose discharges were not
measured during the USGS/CDC survey. In order to account for their presumed
contribution of organophosphoric acid triesters, the concentration of these discharges
were assumed to equal the average of the four plants that were tested. Since each STP is
handling similar domestic waste, an average concentration was deemed most appropriate.
Multiplying the average concentration by each plant's average flow rate, obtained from
plant records, yields the necessary mass-loading rate. The missing mass rate term is then
determined by adding the input loading to each STP source loading and subtracting the
output loading. There is a range of values for each concentration and flow rate. As a
result, mass loadings were also calculated using plus and minus one standard deviation on
all factors (refer to Appendix 5 for diagrams and calculations). Hence, within one
standard deviation, an assessment was made as to the presence of a sink within the
Chattahoochee.
Based on the results of the three different mass balances, no sink was observed within the
river for any of the organophosphoric acid triesters with at least one standard deviation
confidence. In fact, unaccounted sources are a possibility, as the calculations often
resulted in more mass exiting the control volume than entering. The conclusion of no
sink in the Chattahoochee River is specific to the 50-mile stretch tested and the river
conditions present at the time of sampling.
C. Biodegradation Data
1. Raw Data
Analysis of organophosphoric acid triester removal by biodegradation begins with an
inspection of the 0, 5, and 24-hr sample concentrations. If microorganisms were
degrading these organophosphoric acid triesters, the expected result would be for the 0-hr
samples to contain the highest concentration, followed by smaller concentrations for the
5-hr and 24-hr samples, thus depicting clear decay over time. The data do not exhibit a
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clear decrease in concentration or any consistency in the triplicate measurements at the
three times (Figure 7). This lack of clear removal in the batch studies was generally seen
for all cases (Appendix 6).
Roswell TBP
0.045
0 0.040
0.035
e 0.030
0
-j 0.025
0.020
C 0.015
0.010
0 0.005
0.000
0 5 10 15 20 25 30
Time (hours)
Figure 7: Plot of typical data, depicting the typical scatter resulting from
biodegradation studies
2. Data Analysis
The triplicate samples are independent, meaning there is no difference between any of the
three 0-hr samples, which have no direct connection to any specific 5-hr or 24-hr sample.
Each site therefore has nine independent points with which to perform a statistical
analysis. By compiling all the factors that impact biodegradation, a mass balance, with
the control volume equal to the river water sample in the amber glass bottle, can be
solved to yield a linear equation (Figure 8). Linear regression analysis can then be
incorporated to obtain a 1st order rate constant, k. Linear regression simply represents the
set of scattered data with a best-fit approximation of a straight line, y = ax + b, using the
least squares method [39].
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Figure 8: Derivation of biodegradation equation
A number of different parameters were calculated to assess the statistical significance of
a least squares fit to a set of data. The goal was to quantify the error associated with
assuming a linear relationship by examining the residuals, or the difference between the
observed data and predicted linear points. The p-value was particularly useful. The p-
value evolves from testing the hypothesis that biodegradation is not occurring, k = 0.
The p-value measures the probability that the actual value of k is zero [39]. Thus, a low
p-value indicates the predicted value for k has a low probability of being zero, while a p-
value close to one would mean that there is a high likelihood that k does equal zero and
biodegradation is nonexistent.
Microsoft Excel offers a data analysis package called Analysis ToolPak under which a
regression statistics table can be created (refer to Appendix 7 for procedure). Each
organophosphoric acid triester at all three sites tested for biodegradation was analyzed
with this software, yielding a 1" order decay constant and a wide array of statistical
parameters, the p-value included (Appendix 7).
Each k and p-value was compiled into a new spreadsheet (Table 8). Based on the high p-
values for TBP and TCEP at each site, biodegradation was clearly not demonstrated
during the experiment. TBEP had some locations, Roswell in particular, where the rate
constant might have some legitimacy. But overall, the results demonstrated that
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biodegradation of organophosphoric acid esters does not occur along this particular
stretch of the Chattahoochee River.
Table 5: Results of linear regression analysis on biodegradation data
Chemical Site k (hr"') P-value %
Roswell -0.010 76
TBP Morgan Falls -0.030 60
_ _Atlanta 0.022 ' _ 54
Roswell -0.014 83
TCEP Morgan Falls 0.064 24
Atlanta -0.001 99
Roswell -0.040 19
TBEP Morgan Falls -0.053 36
Atlanta -0.018 78
3. Discussion of rate constant
In light of the field results perhaps it is not surprising that the batch biodegradation study
revealed little evidence of biodegradation over the 24-hour timescale. Biodegradation is
controlled by a number of factors, several of which are likely to be extremely limiting in
the river ecosystem. One is the abundance and distribution of bacteria capable of
degrading organophosphoric acid triesters. These microorganisms may not be indigenous
to the Chattahoochee River, or may be present but only in sediment and not in the water
column where the grab samples were collected. It is unclear whether the bacteria are
capable of acclimating to the degradation of organophosphoric acid triesters when the
concentrations are so low; perhaps there is a threshold concentration before degradation
can begin. Also, these bacteria require a sufficient nutrient supply, which the
Chattahoochee might not provide. January may be a stagnant time period for these
bacteria, which are likely very sensitive to water temperature, pH, and other water quality
characteristics [33]. Of course the error associated with the experiment itself cannot be
overlooked as a contributor to the inconclusive results.
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The grab sample is also not completely indicative of the conditions in the river, which are
constantly changing downstream. A grab sample is a snapshot of the conditions at the
sampling site, but this technique fails to account for many variations downstream that
could alter the conditions for biodegradation. Unfortunately, results of this study could
not be discerned from zero, making an analysis of the observed differences in rate
constants at the various sampling sites impractical.
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V. Conclusions and Future Studies
The goal of this project was to determine if a natural sink existed which degraded
organophosphoric acid triesters over the time scale of a day. The results establish that no
natural attenuation of these three organophosphoric acid triesters is present on the time
scale of one day. These findings are specific to the conditions under which sampling
occurred. Perhaps given a longer stretch of river or a different time of year, a removal
mechanism would manifest itself.
The other objective of this work was to look closely at biodegradation, which was
determined through a review of available data to be the most likely removal mechanism.
Field sampling and lab analysis led to the determination that biodegradation was not
present over a 24-hour period. Results could certainly vary, depending on the time of
year and location of sampling within the Chattahoochee. Despite results in the negative,
this grab sample experiment should be used as a building block for future studies.
These future projects should focus on two aspects of biodegradation in the
Chattahoochee. First, an understanding of the processes behind organophosphoric acid
triester biodegradation must be gained through microbiological experiments. This will
involve combining various microorganisms with specific organophosphoric acid triesters
and measuring which conditions, if any, result in degradation. Varying several
parameters (e.g. bacteria concentration, organophosphoric acid triester concentration,
nutrient levels, time of exposure, pH, and temperature) will lead to a determination of
which conditions are more favorable for degradation and which factor(s) are rate limiting.
The next step would be to relate these findings to the conditions in the Chattahoochee
River. Studies should be geared towards determining the presence of biodegradation
parameters other than just the organophosphoric acid triester concentration. Tests for the
bacterial and nutrient content of the river and their relative abundance will help determine
which factors limit biodegradation in the river system. Only after this information is
compiled and interpreted can truly well informed conclusions be made regarding the
34-
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presence and effectiveness of organophosphate biodegradation in the Chattahoochee
River.
Studies aimed at analyzing other removal mechanisms should also be strongly
considered. The preliminary work that led to the choice of biodegradation also
demonstrated the likelihood of removal via sorption and subsequent particle settling.
Rather simple sampling strategies could be developed to assess the presence of
organophosphoric acid triesters in Chattahoochee River bottom sediment. In these future
experiments that deal with concentrations on the order of parts per trillion, a high level of
quality control must be implemented. A clear, consistent procedure with diligent focus
on accuracy will alleviate a large percentage of the error associated with such detailed
sampling. Multiple replicates will assist in quantifying the uncertainty of the results as
well.
The data collected in this experiment and in future studies has several uses. Chemical
concentrations at locations throughout a stretch of river are useful for validating and
calibrating computer models seeking to trace these chemicals in the river [37]. Those
involved with treatment design would be particularly interested to know what natural
mechanisms might be present, and may ultimately lead to plant improvements [40]. The
methods detailed in Appendix 1 can be adapted and used as a starting point for future
experiment procedures.
This project is just a small aspect of the much bigger issue of low-level organic
contaminants in natural surface water. Through studies such as this a wealth of
knowledge can be compiled to assess the ultimate risks to human and environmental
health as well as the treatment options available. Armed with this invaluable
information, policy makers can make well-educated decisions regarding a future course
of action.
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APPENDIX 1
I. Site Descriptions
Four sites were chosen, staring just upstream of Buford Dam in Lake Sidney Lanier and
moving downstream towards northwest Atlanta. The Atlanta site was located on the bank
along a bend in the river about 100 meters downstream of the R.M Clayton water
pollution control plant (WPCP). The quick change in direction, in conjunction with the
pilings of Jackson Bridge, created eddies and made for relatively turbulent, fast moving
water at the sampling site (Figure 1). Visual observation revealed that the water was of
poor quality. It was extremely turbid and felt slimy to the touch due to a visible amount
of white, mildly foaming surfactants, most likely originating at the R.M. Clayton outfall.
Figure 1: Atlanta Sampling Site
The Morgan Falls site was located just upstream of the Morgan Falls Dam in Bull Sluice
Lake. A Dam operator escorted the team to a location about 10 meters from the dam
intake, with calm water for sampling. Due to time constraints only one set of duplicates
was made for a total of six samples (2 0-hr, 2 5-hr, 2 24-hr).
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The Roswell site was located on the bank of the Chattahoochee in a grassy area near a
local park. The current was mild (-6 km/h) with a mid sized tributary (~15 meters in
width) located about 100 meters upstream of the collection site.
The Buford Site was located on a peninsula that extended out into Lake Sidney Lanier a
mere 100 meters from Buford Dam. The site was located along a muddy bank in a
forested park (Figure 2). Biodegradation was not tested at this site so only three samples
were collected. Water quality is far superior as compared to the Atlanta site, as
evidenced by the turbidity readings taken at each site (see Figure 3).
Figure 2: Buford sampling site
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Figure 3: Turbidity readings along Chattahoochee River
I. Sampling Methods
In general the same procedure was followed at each site, with minor adjustments being
implemented as necessary (see Site Descriptions). At each site, preliminary tests are run
to assess river water quality. A small sample was collected from the river using a IL
glass beaker and tested for temperature using a standard mercury thermometer and
turbidity using an EPA approved Lamotte 2020 Portable Turbidimeter. Standard
procedures were followed for the turbidmeter, including calibration and other quality
control measures [1]. The time of sampling, temperature (C), and turdidity (NTU) were
recorded in a field notebook (Appendix 8).
Following these initial water quality tests, river sampling was performed. An 8-L
aluminum bucket secured with nylon rope was used to gather water samples from the
river. The bucket was cast approximately 15 feet into the river and dragged back to
shore. The water was then poured through an aluminum funnel into a 4-L amber glass
bottle that had been marked at 3.8 L (Figure 4).
-43 -
12
114
8-
0
Atlanta Morgan Roswell Buford
Falls
Matthew Andrews
Natural Attenuation of Ornanoohosohates
Figure 4: Typical field sampling setup (Atlanta site)
After transferring to the marked 4 L bottle, the sample was again transferred through an
aluminum funnel to a sample bottle previously labeled on both the cap and bottle with the
sample name (ex. #l-Ohr to symbolize the first sample to be treated at 0 hours). For each
of the 0-hr samples, a 200mL aliquot of chloroform was immediately added to the
sample. Aliquots were prepared at a field lab shortly before arriving at the site by
pouring chloroform into a 100-mL graduated cylinder and transferring it with an
aluminum funnel to a 500-mL amber glass bottle. This 500-mL bottle was then sealed
with aluminum foil underneath the cap and brought to the sampling site. A new
aluminum funnel, separate from the one used for transferring river water, was
implemented as the 200mL aliquot is added to the 4-L sample bottle. The top of the
sample bottle was immediately sealed with aluminum foil and shaken vigorously for
several minutes to fully mix the water sample with chloroform. After the first few
seconds, the foil seal was broken to alleviate pressure buildup within the bottle. The foil
was reapplied and shaking sustained until sufficient contact had been made between the
chloroform and river sample. At this point the cap was screwed on over top of the foil
and the bottle was sent back to the lab.
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If insufficient river water remained in the bucket to fill another sample bottle, it was
recast into the river to retrieve a new batch. The same procedure was followed for each
sample except that for samples designated as 5-hr or 24-hr, no chloroform dosing was
performed and the sample was simply sealed with aluminum foil and cap and packed for
transfer back to lab where the water bath awaits. Triplicates of each type of sample (0-hr,
5-hr, and 24-hr) were collected for a total of nine samples at a particular site. After all
the samples had been collected and dosed as necessary, another small sample was
collected in the 1 -L beaker and again tested for temperature and turbidity, recording the
results.
III. Atlanta Lab Procedure
The goal of the lab work conducted in Atlanta was to extract the organophosphate esters
from the water sample using chloroform. The main reason for carrying this procedure
out in a field lab setting, as opposed to a more suitable lab back at MIT, was the inability
to transport 37 4-L amber glass bottles filled with samples from Atlanta to Cambridge.
Not only were that many bottles not available, but also the logistics of packing that large
a volume of supplies made the idea impractical. Therefore, it was determined to develop
a lab procedure for the extraction process that could be carried out in an open field
setting. With the organophosphate esters transferred to 400mL of chloroform, the river
water could be left behind and the smaller samples transported back to MIT for further
analysis.
The back porch of a former Master of Engineering student was utilized to set up a
temporary lab (Figure 5). This porch was spacious, close to all the sampling sites, and
provided abundant ventilation for handling chloroform. There was also no immediate
threat of organophosphate ester contamination from outside sources. Despite making
safety and quality control a top priority, the standards garnered in an indoor lab could not
be duplicated in a field setting. However, sufficiently accurate extractions were deemed
plausible.
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Figure 5: Atlanta temporary lab setup
Upon returning from a sampling site, the 5-hr and 24-hr sample bottles were immediately
placed in a water bath (large cooler filled with water collected directly from the river) to
approximately maintain the same temperature in the samples as in the river. These
samples remained in the water bath until the appropriate length of time had passed and
the first dose of chloroform was applied. For all samples, the extraction procedure was as
follows.
A 200 mL aliquot of chloroform was measured out using a 100-mL graduated cylinder
and applied through an aluminum funnel to the 3.8 L sample. The time of the dosing was
recorded. Aluminum foil was used to seal off the top of the bottle and the mixing process
initiated. Holding the two ends of the bottle securely with gloved hands, the bottle was
shaken vigorously. After only a few seconds the aluminum foil seal must be broken to
allow pressure within the bottle to escape. The seal was reformed and shaking resumed
for approximately five minutes, the time deemed appropriate for complete mixing of the
chloroform and river water. The bottle was then set aside for approximately 15 minutes
to allow the chloroform to settle.
Once the chloroform settled it was transferred from the 4-L bottle to a clean 500-mL
amber glass bottle labeled on the cap and bottle with the sample name. The 4-L bottle
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was tilted on a lab bench with a cork ring or comparable device so that the chloroform
collected on one side of the bottle. A 25-mL pipette was then inserted and the
chloroform was withdrawn from the sample. Care was taken not to introduce substantial
volumes of water into the chloroform sample, because it had the potential to interfere
with the gas chromatography machine during later analysis. This was done by carefully
drawing only chloroform into the pipette; and if water did become entrained, only
chloroform was transferred into the 500-mL bottle. The clear separation line between
chloroform and water greatly augmented the accuracy of this process. The volume of
each withdrawal within the pipette is recorded to give a sense of the amount of
chloroform in solution with the river water. Typically -90% of the chloroform was
removed (-180 mL of a 200 mL aliquot for example) (Appendix 9). Once as much
chloroform was removed from the 4-L bottle as possible, the 500-mL bottle was sealed
with aluminum and capped. The pipette was cleaned with distilled water and another
chloroform aliquot was prepared, but only 100 mL in volume. The new aliquot was
added to the 4-L bottle and the same mixing, settling, and extraction was repeated, adding
the pipetted chloroform into the same 500-mL bottle. This process was repeated a third
time, again with a 100 mL aliquot of chloroform, for a total chloroform sample of 400
mL. This process was performed most efficiently when two individuals were performing
extractions and dosing of chloroform. One person was responsible for shaking all
samples, and one person recorded times and pipetted volumes.
Upon completion of the three extractions for each sample, and appropriate
treatment/disposal of the chloroform contaminated river water, the 400 mL chloroform
samples were packed and transported back to MIT for further volume reduction and
eventual analysis on a JEOL gas chromatograph-mass spectrometer (GC/MS).
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IV. Cambridge Lab Procedure
The goal was to reduce the 400 mL of chloroform to approximately 0.1 mL, a volume
conducive to analysis on the JEOL GC/MS. Two processes, referred to as 'Roto-
evaporation' and 'N2 blow-down' were implemented to create conditions under which
chloroform would evaporate.
A. Roto-evaporation
The 500-mL amber bottles were removed from storage and placed under the lab hood. A
500mL spherical bottle was placed on a cork ring for stability. A glass funnel was placed
on top of the spherical bottle and the sample was transferred from the amber bottle. The
best strategy was to pour quickly in such a manner that the sample runs down the far side
of the funnel and needless spills were avoided. Once the approximately 400 mL sample
was discharged into the spherical bottle, a squeeze bottle filled with pure chloroform was
used to rinse the bottom and sides of the amber bottle (-25 mL is sufficient). This rinse
chloroform was then deposited into the spherical bottle. Two boiling stones were added
to the spherical bottle with a pair of tweezers to help provide boiling sites for the
chloroform.
(Note: The amber bottle was cleaned by filling it with approximately 100 mL of distilled
water and shaken thoroughly. This waste rinse was then emptied into a labeled
hazardous waste jug under the lab hood. Another water rinse was performed before
placing the amber bottle under a separate hood to dry).
The spherical bottle was secured to the bottom of a two-way glass bottle via a small
plastic clamp. The opposite end of the two-way bottle was connected via another plastic
clamp to a hollow glass rod. This rod was lodged through a rotational machine that holds
the rod securely by friction. The rod extends through the machine and into an
approximate 4-inch diameter, foot-long glass pipe, which houses a cooling coil. Attached
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to the base of this pipe was a vacuum hose connected to a motor that applied an
adjustable vacuum to the system. Also attached to this pipe was a separate spherical
bottle that would collect the condensed 'waste' chloroform (Figure 6).
Figure 6: Roto-Evaporation setup
Once the spherical bottle was attached securely to the two-way glass bottle, a lever
connected to the entire apparatus allows the spherical bottle to be lowered half way into a
water bath. A knob on the front panel was used to adjust the temperature of the water
bath. The bath required approximately half and hour to warm up at the beginning of the
day after being switched on. The purpose of the water bath was to keep the temperature
of the chloroform consistent as evaporation caused cooling of the sample. A temperature
of 50-65C was usually sufficient.
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Once the spherical bottle was in the water bath a three-step process took place to begin
the procedure. A knob on the side of the rotational machine allowed control over the rate
of rotation of the two joined bottles. Typically a value of 5-6 was necessary to get the
rotation to commence, and then a value of approximately 4-5 was sufficient to maintain a
steady rotation. Occasionally the rod would slip and rotation would cease. This was
usually corrected for by turning up the rotation value to 6-7 to 'jump-start' the machine,
then returning to a more gradual rotation. If the glass rod slips too much, the two-way
and spherical bottle would need to be removed and the glass rod gently hammered back
into place, regaining the tight frictional fit within the rotational machine.
The purpose behind rotating the spherical bottle was to cause a swirling of the sample,
which dramatically increases surface area. With more surface area mass transfer is
increased and evaporation increases. Before the vacuum could be applied, the top of the
glass pipe was closed off to create a sealed environment from the spherical bottle to the
glass pipe. Simply turning a knob on top of the glass pipe to close off a small hole
created the seal. The vacuum could now be turned on to provide a reduced pressure
environment that increases the rate of volatilization of chloroform. The level of suction
could be adjusted on the motor by a control knob. Typically a value of 15-20 was
sufficient to create a steady stream of evaporation.
Once these controls were set, the chloroform would begin to boil and volatilize into the
gas phase and rise out the top of the spherical bottle. Some chloroform would
immediately condense and collect on the bottom of the two-way glass bottle. If too much
chloroform collected in this bottle it would spill back into the sample in the spherical
bottle and increase running time. If this appeared evident, the system could be shut down
and the two-way bottle removed and emptied into the hazardous waste bottle under the
lab hood.
Most of the gaseous chloroform would travel through the two-way bottle, through the
glass rod and into the glass pipe. The chloroform would then come into contact with the
cooling coils. Cold water was pumped through these coils via a pump located on the lab
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floor next to the hood (Note: Along with the water bath, the cooling coils was given half
an hour to properly cool down before any evaporations began). Upon contact with the
cooling coils the chloroform would begin to condense on the coils and drip down the side
of the glass pipe. The liquefied chloroform would then enter the 'waste' container
attached via a metal clamp to the side of the glass pipe.
Adjustments could be made to the water bath temperature, the height of the spherical
bottle within the water bath, the rotational velocity, or the intensity of the vacuum to
achieve a steady but not violent stream of purified chloroform entering the 'waste' bottle.
At the beginning, when the spherical bottle was mostly full, a slower rotation and less
intense vacuum would be used to avoid boiling over of the sample into the two-way
bottle, which would affect results. If this did occur, the system would be shut down and
the two-way and spherical bottle carefully disconnected. The contents of the two-way
bottle would be poured back into the spherical bottle and the apparatus reassembled. The
best strategy was to gradually increase the rotational speed and vacuum intensity as the
sample was reduced in volume to maintain a steady stream of chloroform into the 'waste'
bottle. The rate of evaporation began to rapidly increase when about 150 mL of sample
remained. The vacuum and rotational velocity would be stepped down so as not to dry
out the sample. Raising and lowering the spherical bottle in relation to the water bath
was the best strategy to control the rate of evaporation when only a small volume of
sample remained. Constant monitoring with subtle adjustments allowed effective
reduction in sample volume in approximately 20 minutes.
The goal was to reduce the volume of the sample to approximately 5-10 mL. Once the
desired amount of sample remained in the spherical bottle the system was shut down.
First the seal was broken by turning the knob on top of the glass pipe. The rotational
machine and vacuum were then turned off. The spherical bottle was disconnected by
removing the plastic clamp and gently twisting the bottle free from the two-way bottle.
The spherical bottle was immediately capped and set on a cork ring to cool. The two-
way bottle was removed by first removing the small plastic clamp. A black ring attached
to the glass rod was then used to break the seal created between the two-way bottle and
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glass rod. The contents of the two-way bottle were discharged into the hazardous waste
jug under the lab hood and the bottle reassembled onto the glass rod and clamped. Next
the metal clamp holding the 'waste' bottle was removed and the contents discarded into
the hazardous waste jug. The 'waste' bottle was reattached and clamped to the glass
pipe. The procedure was then repeated with the next sample.
B. Spherical bottle to 15 mL vial transfer
Once the spherical bottle had cooled for a few minutes, the sample was transferred to a
15 mL vial for further volume reduction via N2 blow-down. A disposable 2-mL pipette
and small bulb was used to withdraw the sample and place it in a labeled 15-mL vial.
The interior of the vial cap was lined with a small piece of aluminum foil to prevent
contamination of the sample by the plastic cap. The squeeze bottle with pure chloroform
was used to rinse the sides of the spherical bottle. This rinse chloroform was pipetted and
added to the 15-mL vial for a total sample volume of 10-15 mL. The vial was then
capped and placed in the 40C freezer until N2 blow-down. The pipette was discarded into
the glass waste container and the boiling stones were removed and placed in a separate
beaker for later trash disposal. The spherical bottle was rinsed with distilled water, which
was emptied into the hazardous waste jug. The spherical bottle was then washed and
scrubbed with soapy water to remove scum that accumulated from the sample and set
aside to dry. If the spherical bottle was to be used again for the roto-evaporation process,
a pure chloroform rinse was performed just before adding the new sample.
C. N2 Blow-down
The first step was to attach a feed apparatus to a lab stand and then connect an N2 line.
This allowed several small pipes to be connected, which expelled N2 downwards (Figure
7). A burner rested on the bottom of the stand to provide heat to the samples.
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Once the nitrogen was turned on the flow exiting the small pipes was regulated using the
pressure valve. The ideal flow maintained a small ripple on the surface of the sample
without causing splashing.
Figure 7: Nitrogen blow-down setup
First, the 15-mL vials were placed inside a small beaker on top of the burner and the
height of the burner adjusted so that the small pipes are just above the top rim of the
sample vial. The beaker helped stabilize the vial while the N2 was blowing. Adjustments
were made to the flow of N2 or height of the burner in order to achieve the desired
amount of ripple on the liquid sample. The burner was then turned on to approximately
2.5. The heat helped offset the cooling that occurred to the sample as it was evaporating,
since chloroform vaporizes more readily the warmer it is. As this occurred the height of
the vial was adjusted to maintain a slight ripple on the surface of the liquid.
Once the sample reached approximately 5 mL the vial was removed and a water removal
process is performed. Sodium sulfate (soda ash) was scooped into the vial using a small
metal spoon. The soda ash absorbs the water it comes into contact with and essentially
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removes it from the solution. Small amounts, roughly 0.5 grams, were added to the
sample at a time. The sample was swirled around gently as the soda ash was added to
increase the amount of contact and improve water removal efficiency. After each dose a
visual inspection was made to determine the extent of water remaining in the sample. If
the soda ash clumped up instead of remaining as a powdery substance, water had been
absorbed by the soda ash. More soda ash was added until it began to remain in its loose,
powdery state. Usually only one dose of soda ash was necessary as precautions were
taken during the extraction process to ensure little water was transferred into the
chloroform sample. Once the sample had been sufficiently dried, it was again subjected
to N2 blow-down. Chloroform was further evaporated until a volume of approximately 1
mL remained.
A disposable 2-mL pipette was used to transfer the sample from the 15-mL vial to a 1.5-
mL cone vial. In order to avoid drawing soda ash into the pipette, the 15-mL vial was
tapped in order to transfer the soda ash to one side of the vial. The vial could then be
tilted and rotated slightly allowing the liquid sample to move to the bottom of the vial
while the soda ash adhered to the side of the vial. The liquid was then extracted without
collecting soda ash particles. One extraction with the pipette was almost always
sufficient to remove the entire sample from the 15-mL vial. To be safe a separate pipette
was used to inject a small amount (-0.1 mL) of pure chloroform back into the 15-mL
vial. The vial was then shaken gently to allow the chloroform to mix with any remaining
sample that might have adhered to the soda ash. The original pipette was then used to
extract the small amount of rinse chloroform, which was then deposited into the 1.5-mL
cone vial. When done properly, the 1.5mL cone vial was almost full of sample but not in
danger of overflowing. When this appeared evident, before rinsing with pure chloroform,
the 1.5mL cone vial was placed under the N2 blow-down to make room for the rinse
chloroform.
Once the rinse chloroform was deposited into the 1.5-mL cone vial, the pipette was
discarded into the glass waste container and the 15-mL vial with soda ash was set aside
for later cleaning. The 1.5-mL cone vial was then placed on the burner for further N2
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blow-down. Generally a slower flow of N2 was necessary given the smaller volume of
sample. Evaporation of the chloroform was allowed to continue until approximately 100
piL of sample remained. The 1.5-mL cone vial is calibrated so that the 100-pL volumes
were easily assessed. The 1.5-mL cone vial was quickly removed and transferred to a
GC vial. The reason for acting quickly was to avoid evaporation of the sample, which
could occur rapidly with less than a milliliter of sample remaining.
D. Transfer to GC vial
A 1 OOpL pipette was used to transfer the sample into a 250-ptL tube that had been placed
inside a 1.5-mL GC vial. The purpose of the 250-pL tubes was to create sufficient
sample depth to allow the GC to successfully grab the sample during the injection process
(see Gas Chromatography / Mass Spectrometry). A 10-pL pipette was used to
withdraw 10 pL of 1 ng/pL m-terphenol solution from a stock solution and introduce it
into the 250-ptL tubes. This injection standard was used to determine the volume of
extract used for subsampling and GC/MS analysis. After being run on the GC/MS, this
gives a count per mass of injection solution ratio, important for later conversion of counts
to mass for standards and samples. The GC vial was then labeled with the sample name,
capped, and immediately placed in the 4C freezer to prevent evaporation of the sample.
The 100-ptL and 10-pL pipettes were discarded into the glass waste container and the 1.5-
mL cone vial set aside for later cleaning.
E. Preparation of Standards
In order to interpret the results of the unknown samples, configure the GC/MS Selected
Ion Monitoring (SIM), and help determine the level of volume reduction necessary to get
discernible results on the GC/MS, standards with established concentrations of all three
phosphates were prepared and transferred to GC vials.
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TBP, TBEP, and TCEP were purchased from Sigma Aldrich and used in the standard
preparation process [2]. Standards were made with concentrations of 500, 1000, and
2500 pg/pL. Standards solutions were prepared as follows:
1. 50 pL of each compound was placed into a 50-mL flask and diluted to 50mL with
chloroform (concentration of solution 'A' - mg/mL).
2a. 25 pL of solution A was diluted to 50 mL with chloroform (concentration - 500
pg/L).
2b. 50 gL of solution A was diluted to 50 mL with chloroform (concentration ~ 1000
pg/pL).
2c. 125 pL of solution A was diluted to 50 mL with chloroform (concentration ~
2500 pg/ptL).
F. Preparation of Spiked Samples
A spiked sample was necessary to estimate a recovery factor for the entire extraction and
volume reduction process, giving a sense of the extraction accuracy. After subjecting the
spiked sample to the same procedure as each river sample and obtaining a concentration
from the GC/MS (see Gas Chromatography / Mass Spectrometry), a comparison to
the known original concentration allows for the calculation of a recovery factor. This
recovery factor will then be assumed constant for all samples and applied accordingly.
An initial organophosphate ester concentration of 200 ng/3.8 L was deemed desirable, as
it closely reflects the previously observed river concentrations [3]. The spike solution
was prepared as follows:
1. 2 mL of each phosphate solution was diluted to 100 mL with methanol
(concentration of Solution A = 0.02 g/mL)
2. 100 gL of Solution A was diluted to 100 mL with methanol (concentration of
Solution B = 20 pg/mL)
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3. 100 pL of Solution B was diluted to 10 mL with methanol (concentration of
Solution C = 200 ng/mL)
4. 1 mL of Solution C into a 4-L amber glass bottle filled with 3.8 L of distilled
water
V. Gas Chromatography / Mass Spectrometry
Gas chromatography (GC) is the process of separating closely related compounds in a
mixture by utilizing a two-phase approach. The mobile phase consists of an inert gas
whose sole purpose is to transport the sample through a tubular column. The stationary
phase has an affinity for the various components in the mixture. As they move along the
column, the compounds distribute themselves between the two phases to varying degrees.
Distinct bands are set up as the components of the sample segregate [4].
Mass Spectrometry (MS) follows GC to identify the now separated compounds by the
mass to charge ratios of their fragments. As the compound enters the MS through a
heated interface, it is ionized. This loss of an electron by the compound creates a charged
molecular ion with the same molecular weight as the original compound. This positive
ion exits the ion source and is subsequently analyzed according to its unique mass to
charge ratio. An electron multiplier detects these mass differentiated ions and the
resulting signal is sent to a processor, which produces a display of the output or mass
spectrum, usually a plot of mass signal amplitude as a function of time through the GC
[5].
A. Selected Ion Monitoring ratios and times
Selected Ion Monitoring (SIM) allows the processor to focus on the detection of specific
mass-to-charge ratios, so that only the ones associated with the organophosphate esters
are recorded and displayed. The first step is to locate a reliable MS spectrum for each
organophosphate ester, preferably from the same instrument to be used during the
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analysis. Observing the spectrum posted on a reputable database gives a good starting
point (Figure 8). Running single compound solutions utilizing full spectrum scans leads
to an identification of the compound's most abundant mass-to-charge ratios (Table 6).
Table 1: Selected Ion Monitoring mass ratios and eak times
Mass-to-Charge GC detention
Compounds Ratios time
TBP 99.3 10:58
TCEP 63.2 12:16
TBEP 57.3 18:11
41.4 18:11
Inj. Standard 230.1 16:18
100.
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Figure 8: Mass spectra for each organophosphate ester [6]
The TBEP display on most runs was cluttered with background "noise", making for less
than clean detections at the both the 41.4 and 57.3 mass-to-charge ratios at the 18:11
detention time. To compensate it was determined to track both. The 255 mass-to-charge
ratio was used for the first few runs in conjunction with 63.2 to identify TCEP. 255 is a
ratio commonly associated with organic compounds and was believed to be coated on
many of the pieces within the GC/MS from past experiments. As a result the 255 ion was
affecting all results by creating additional background and skewing TCEP results.
Therefore, the 255 was eliminated and 63.2 was used as the sole TCEP indicator for all
remaining samples.
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B. GC/MS Run Procedure
The model GC/MS utilized was a JEOL GCmate semi-high resolution gas
chromatograph-mass spectrometer. A program was developed and modified to ensure
that the peaks for each organophosphate ester were visible at the appropriate detention
times. Specifications for the GC temperature profile were a 25 minute run time, 70C for
the first five minutes, gradual increase over the next fifteen to 300C, which was then
sustained for the remaining five minutes. These temperatures were dependent on the use
of chloroform solvent. After sufficiently observing each compound individually, two and
eventually all three compounds are run in the same sample. The compounds needed to
separate into distinct peaks at different times or analysis would be compromised.
Adjustments were made to the run program in order to get adequate separation. For the
three organophosphate esters of interest here there was a clear distinction of several
minutes between compound peaks (Table 1).
The first step before running any samples was to tune the machine. Tuning the GC
required a series of calibrations for both the Scan and SIM modes, and reasonably assures
consistent results. A run schedule was prepared on JEOL's Shrader Data Acquisition
Program to alert the auto-sampler of which samples to inject into the GC. A file was
created for each run by choosing 'Add File' from the Edit menu. Each run was then
named in accordance with the appropriate date and sample title (e.g. 031OMF124 for a
Morgan Falls 1-24 sample being run on March 10 th). This process was repeated for each
sample and standard run on a particular day, with a self-calibration program set to run
after each sample. The run schedule could then be ordered as desired by using the
'Move' option from the Edit menu. In general all three standards were run first, followed
by the first set of samples, another standard run, the second set of samples, and lastly a
final standard run (Table 2). This basic template was often modified given certain time
constraints and the number of samples that need to be run on a particular day.
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Table 2: Typical GC/MS run schedule
Run No. Sample
1 500 ptg/L standard
2 2500 pg/L standard
3 1000 gg/L standard
4 Sample #1
5 Sample #2
6 Sample #3
7 1000 pg/L standard
8 Sample #4
9 Sample #5
10 1000 gg/L standard
C. Data Reduction
After a run was finished, the results were analyzed using the Shrader Data Reduction
Program. Output plots for a particular run were displayed on the screen from the 'Open'
menu (Figure 9a). The date and time of the run was recorded in an Excel spreadsheet
along with the sample name and the corresponding file name (Appendix 10). The next
step was to enlarge the area around the first organophosphate ester peak with the 'Zoom'
key, and highlight the appropriate peak for the first detention time of interest, 10:58. In
the lower left hand corner another plot will appear, depicting a mass spectrum of all the
mass-to-charge ratios that had been specified as part of SIM (Figure 9b). At 10:58, 99.3
was the dominant ratio. Clicking on the number '99.3' and dragging it into the upper plot
created a separate plot of only the 99.3 signal for the entire run length (Figure 9c). Again
the 10:58 peak was highlighted, which was usually clearly visible. In the lower right
hand corner was a blown up version of the highlighted peak, showing the 10:58 peak in
much greater detail along with the peaks ten counts before and after it. Clicking and
dragging the mouse from the beginning of the peak to the end created a box around the
entire peak area (Figure 9d). The program can do this automatically, but sometimes lacks
accuracy, so that manual highlighting of the peak area was often more appropriate.
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9a: Typical Output of GC/MS
9b: Typical mass spectrum (at 18:11)
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9c: Signal for several mass-to-charge ratios versus time period of GC/MS run
9d: Example of highlighted peak (TCEP 63.2 signal)
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9e: Example of double peak (TBP 99.3 signal)
Occasionally the noise level was such that a peak was difficult to discern (Figure 9e). A
judgment was made as to whether there was a detectable peak or if a 'no detect' should
have been recorded. If the peak was difficult to separate from other peaks resulting in a
double peak, this was noted in the spreadsheet. Once the peak area was highlighted, the
red key on the top menu bar was selected. A table would then appear in the upper right
hand corner of the screen giving the area under the peak, reported as total number of
counts. This number was recorded in the spreadsheet. The next step was to zoom out on
the total signal plot and proceed with the same procedure for the other organophosphate
esters and injection standard (12:16, 18:11 (2), 16:18). This was completed for every run,
both standards and samples.
D. Conversion from peaks to concentrations
The final process was to convert the identified peak areas to the original river water
concentration by implementing the known standards run each day and the injection
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standard within each sample (Appendix 10). The mass was calculated for a particular
organophosphate ester by first normalizing with the injection standard counts for that
particular run. This quantity was next multiplyed by the mass of injection standard
known to be in the GC vial and an established amount of counts per picogram of injection
standard. Finally the mass was determined by dividing by an average counts per
picogram of organophosphate ester, taken from the three daily standard runs. Arriving at
the concentration was then a matter of dividing by the original sample volume, 3.8 L
(refer to Appendix 11 for a sample calculation). With the concentration of each sample
known, the work moved from experiment to interpretation of results.
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APPENDIX 2
USGS/CDC Data
STP Discharges
Station Name
Big Creek WPCP
Big Creek WPCP
Big Creek WPCP
AVG
STD DEV
City of Cummings WPCP
City of Cummings WPCP
City of Cummings WPCP
AVG
STD DEV
Crooked Creek WPCP
Crooked Creek WPCP
Crooked Creek WPCP
AVG
STD DEV
Johns Creek WPCP
Johns Creek WPCP
Johns Creek WPCP
Johns Creek WPCP
AVG
STD DEV
Sample Type
effluent
effluent
effluent
effluent
effluent
effluent
effluent
effluent
effluent
effluent
effluent
effluent
effluent
TBP
1.90
0.13
0.33
0.79
0.97
0.14
0.20
0.18
0.17
0.03
0.26
0.16
0.15
0.19
0.06
0.68
0.12
0.14
0.11
0.26
0.28
Samples within Chattahoochee River
Station Name
Atlanta Water Works Intake
Atlanta Water Works Intake
Atlanta Water Works Intake
AVG
Big Creek below Water Works Intakes (City of Roswell)
Big Creek below Water Works Intakes (City of Roswell)
Big Creek below Water Works Intakes (City of Roswell)
AVG
Cobb County Water Intake
Cobb County Water Intake
Cobb County Water Intake
Cobb County Water Intake
AVG
Sample Type
raw
raw
raw
raw
raw
raw
raw
raw
raw
raw
TBP
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
<0.06
Concentration (pg/L)
TCEP
0.35
0.30
0.36
0.34
0.03
0.37
0.31
0.52
0.40
0.11
0.49
0.38
0.19
0.35
0.15
0.39
0.37
0.33
0.30
0.35
0.04
Concentration (ptg/L)
TCEP
0.04
0.06
0.04
0.05
0.04
0.05
0.11
0.07
0.02
0.06
0.04
0.05
0.04
TBEP
0.79
0.19
0.37
0.45
0.31
0.07
0.29
0.07
0.14
0.13
0.07
0.07
0.07
0.07
0.00
38.00
0.19
0.07
0.07
9.58
18.95
TBEP
0.26
0.07
0.07
0.13
0.07
0.07
0.07
0.07
0.92
0.22
0.07
0.26
0.37
APPENDIX 3
Calculation of TCEP Loss to Atmosphere via Volatilization
ka(cm /s) = 0.3 + 0.2po (m /s)
ka(cm / s) = 0.3 + 0.2(9. lmiles / hr)(1 600m /mile)(hr / 3600 sec)
ka(cm /s) = 1.11
J = ka -Cw -H
J = (1.11cm / s)(0.0 lpg / L)(3.29 x 10-6 atm mole!/ m3 )(0.082 L -atm / mole/"K)(293"K)(m3 / 1000L)
J =8.81x10-' 0 cm -pg /s/L
J = (8.81 x 10~'0 cm -pg /s / L)(1OOOL / m3 )(m /100cm)(86400s / day)
J = 7.6x 10-4Ug / m 2 -day
m = J -Area
m = (7.6 x 10-4 pg /m 2 -day)(50miles)(5280ft / mile)(150ft)(m 2 /3.28ft 2)
m=9193pg/day
APPENDIX 4
Calculation of Organophosphate Ester Loss via Sorption
Carbon = (1.5mg)carbon / L
(CTCEP removed MTCEP / L) = CsOld (MgTCEP / 9carbon) rCcarbon (mg 0 arbon/L) (gcarbon c fifgarbon)
(CTCEP removed mTCEp / L) = (2.4 x 10- mgTCEP / gcarbon) -(1.5mgcarbon / L) -(gcarbo, / I000nggabof)
(CTCEP removed MTCEP / L) = 3.6 x 10-7
or
m(ug / day)= (CTCEPremoved mTCp / L) -Qrivet(L / day)
m(ug / day)= 3.6 x 10 - 7(mgTCEP IL) (gTCEPl 0 0 0gTcEP) (1 0tM 3 / s) -(86400s / day) -(1 OOOL / m')
m(ug / day) =3.1
APPENDIX 5
Haffey Thesis [37]
m3/s STDDEV
77.2 69
78.5 53
85.5 40
88.0 37
From plant records
Date Flow (L/day)
TBP
0.003
0.011
0.010
0.034
Concentrations from our experiments (ub/L)
STDDEV TCEP STDDEV TBEP
0.001 0.011 0.008 0.053
0.008 0.067 0.049 0.173
0.000 0.024 0.007 0.307
0.029 0.132 0.156 0.442
CDC Study - Average Concentration (ug/L)
TBP STD DEV TCEP STD DEV TBEP
STD DEV
0.009
0.129
0.377
0.505
STD DEV
Johns Creek 0.26 0.28 0.35 0.04 9.58 18.95
12-Jan 1.76E+07
13-Jan 1.87E+07
14-Jan 1.83E+07
15-Jan 1.70E+07
16-Jan 1.85E+07
Average 1.80E+07
Std Dev 7.13E+05
Big Creek 0.79 0.97 0.34 0.03 0.45 0.31
12-Jan 7.43E+07
13-Jan 7.09E+07
14-Jan 7.51 E+07
15-Jan 7.02E+07
16-Jan 7.06E+07
Average 7.22E+07
Std Dev 2.29E+06
Crooked Creek 0.19 0.06 0.35 0.15 0.07 0.00
12-Jan
13-Jan
14-Jan
15-Jan
16-Jan
Average
Std Dev
9.58E+07
9.95E+07
9.95E+07
1.01 E+08
9.77E+07
9.87E+07
2.05E+06
Buford
Roswell
Morgan Falls
Atlanta
Plant
From plant records
Date Flow (L/day)
CDC Study - Average Concentration (ug/L)
TBP STD DEV TCEP STD DEV TBEP STD DEV
City of Cumming 0.17 0.03 0.40 0.11 0.14 0.13
13-Jan 5.05E+06
14-Jan 4.98E+06
15-Jan 4.92E+06
16-Jan 4.79E+06
Average 4.93E+06
Std Dev 1.10E+05
R.L. Sutton
12-Jan 1.10E+08
13-Jan 1.09E+08
14-Jan 1.06E+08
15-Jan 1.09E+08
16-Jan 1.07E+08
Average 1.08E+08
Std Dev 1.43E+06
South Cobb
12-Jan
13-Jan
14-Jan
15-Jan
16-Jan
TBP
1.9
0.13
0.33
0.14
0.20
0.18
0.26
0.16
0.15
0.68
0.12
0.14
0.11
0.35
0.49
8.82E+07
8.82E+07
8.82E+07
8.48E+07
8.55E+07
8.70E+07
1.68E+06
All CDC Data Points
TCEP
0.35
0.30
0.36
0.37
0.31
0.52
0.49
0.38
0.19
0.39
0.37
0.33
0.30
TBEP
0.79
0.19
0.37
0.07
0.29
0.07
0.07
0.07
0.07
38.00
0.19
0.07
0.07
0.36 3.10
0.08 10.49
TBEP (-38.00)
0.79
0.19
0.37
0.07
0.29
0.07
0.07
0.07
0.07
0.19
0.07
0.07
0.19
0.21
Plant
Average
Std Dev
AVERAGE
STDEV
Buford to Roswell
Buford
River
Mass Loading (kg/day
TBP TCEP TBEP I
Average 0.02 0.08 0.35 I I
High 0.06 0.24 0.78
Low 0.002 0.002 0.03
Crooked Creek Input
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.02 0.03 0.01
High 0.03 0.05 0.01
Low 0.01 0.02 0.01
SINKS = MASS AT BUFORD + MASS INPUTS - MASS AT ROSWELL (POS = THERE IS A SINK)
Roswell
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.07 0.46 1.17
High 0.22 1.32 3.43
Low 0.01 0.04 0.10
Johns Creek
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.005 0.006 0.173
High 0.010 0.007 0.535
Low -0.0003 0.005 -0.162
Low (min 0) 0 0.005 0
Based on:
TBP (kg/d) Result TCEP (kg/d) Result TBEP (kg/d) Result
Average -0.03 NO SINK -0.34 NO SINK -0.64 NO SINK
High -0.12 NO SINK -1.02 NO SINK -2.11 NO SINK
Low 0.01 SINK -0.013 NO SINK -0.06 NO SINK
Roswell to Morgan Falls
Roswell
River
Mass Loading (kg/day) =
TBP TCEP TBEP I
Average 0.07 0.46 1.17 I
High 0.22 1.32 3.43
Low 0.01 0.04 0.10
Big Creek City of Cumming
Mass Loading (kg/day) = Mass Loading (kg/day)
TBP TCEP TBEP TBP TCEP TBEP
Average 0.057 0.024 0.032 Average 0.001 0.002 0.0007
High 0.131 0.027 0.056 High 0.001 0.003 0.001
Low -0.013 0.021 0.010 Low 0.0007 0.0014 0.0001
Low (min 0) 0.000 0.021 0.010
SINKS = MASS AT BUFORD + MASS INPUTS - MASS AT ROSWELL (POS = THERE IS A SINK)
Based on:
TBP (kg/d) Result TCEP (kg/d) Result TBEP (kg/d) Result
Average 0.06 SINK 0.31 SINK -1.06 NO SINK
High 0.24 SINK 1.27 SINK -3.93 NO SINK
Low -0.03 NO SINK -0.005 NO SINK 0.11 SINK
Morgan Falls
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.07 0.18 2.27
High 0.11 0.33 7.42
Low 0.04 0.07 -0.27
Low (min 0) 0.04 0.07 0.00
Morgan Falls to Atlanta
Morgan Falls
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.07 0.18 2.27
High 0.11 0.33 7.42
Low 0.04 0.07 -0.27
Low (min 0) 0.04 0.07 0
River
-1
SINKS = MASS AT BUFORD + MASS INPUTS - MASS AT ROSWELL (POS = THERE IS A
* used TBEP(-38.00) for both inputs
SINK)
R.L. Sutton
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.04 0.04 0.02
High 0.09 0.05 0.04
Low -0.02 0.03 -0.002
Low (min 0) 0 0.03 0
Atlanta
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.26 1.01 3.36
High 0.68 3.12 10.22
Low 0.02 -0.11 -0.28
Low (min 0) 0.02 0 0
South Cobb
Mass Loading (kg/day) =
TBP TCEP TBEP
Average 0.030 0.031 0.017
High 0.07 0.04 0.04
Low -0.01 0.02 -0.002
Low (min 0) 0 0.02 0
Based on:
TBP (kg/d) Result TCEP (kg/d) Result TBEP (kg/d) Result
Average -0.12 NO SINK -0.76 NO SINK -1.05 NO SINK
High -0.41 NO SINK -2.70 NO SINK -2.72 NO SINK
Low 0.02 SINK 0.120 SINK 0.00 SINK
APPENDIX 6
Biodegradation
Concentrations (ug/L) by
Sample
Buford
Roswell
Morgan Falls
Atlanta
Time
0
0
0
Time
0
0
0
5
5
5
24
24
24
Time
0
0
5
5
24
24
Time
0
0
0
5
5
5
24
24
Buford #1
Buford #2
Buford #3
Roswell 1-0
Roswell 2-0
Roswell 3-0
Roswell 1-5
Roswell 2-5
Roswell 3-5
Roswell 1-24
Roswell 2-24
Roswell 3-24
Morgan Falls 1-0
Morgan Falls 2-0
Morgan Falls 1-5
Morgan Falls 2-5
Morgan Falls 1-24
Morgan Falls 2-24
Atlanta 1-0
Atlanta 2-0
Atlanta 3-0
Atlanta 1-5
Atlanta 2-5
Atlanta 3-5
Atlanta 2-24
Atlanta 3-24
Data
Sampling Site
TBP
0.005
0.002
0.004
0.020
0.008
0.005
0.011
0.016
0.007
0.006
0.041
0.002
0.010
0.010
0.005
0.145
0.005
0.010
TCEP
0.020
0.009
0.005
0.093
0.098
0.011
0.021
0.034
0.008
0.006
1.105
0.002
0.029
0.019
0.012
0.192
0.284
0.053
0.007 0.044
0.065 0.313
0.029 0.041
0.008 0.020
0.021 0.296
0.049 0.039
0.063 0.513
0.022 0.011
* Atl 1-24 was dropped during analysis
TBEP (41.4)
0.055
0.044
0.061
0.305
0.167
0.047
0.065
0.137
0.054
0.033
0.162
0.018
0.041
0.574
0.035
0.386
0.064
0.028
0.184
1.023
0.118
0.027
0.578
0.032
0.787
0.022
APPENDIX 7
Microsoft Analysis ToolPak Procedure
Selecting Data Analysis from the Tools menu followed by Regression from the drop-
down menu brought up the Regression Analysis program. The program requests Y and X
inputs, which were filled in with the nine concentration and time values for a particular
site, respectively. 95% confidence intervals were automatically calculated, but a separate
interval, 50% for example, was also requested. All four Residual analysis options were
highlighted along with the Labels checkbox. In the Output Options section, the results
were programmed to be displayed in a New Worksheet Ply:. Clicking OK created this
new worksheet displaying the results of the regression analysis.
Data Regression Results
By Site
Site
Roswell
Morgan Falls
Atlanta
(41.4)
Chemical
TBP
TCEP
TBEP
TBP
TCEP
TBEP
TBP
TCEP
TBEP
k (day-1)
-0.010
-0.014
-0.040
-0.030
0.064
-0.053
0.022
-0.001
-0.018
+ 95% C.I. + 50% C.I.
0.075 0.023
0.151 0.045
0.065 0.019
0.146 0.039
0.129 0.034
0.142 0.038
0.081 0.024
0.139 0.041
0.153 0.045
By Organophosphate
Site
Roswell
Morgan Falls
Atlanta
Roswell
Morgan Falls
Atlanta
Roswell
Morgan Falls
Atlanta
+ 50% C.I.
0.023
0.039
0.024
0.045
0.034
0.041
0.019
0.038
0.045
P-value
0.76
0.83
0.19
0.60
0.24
0.36
0.54
0.99
0.78
Chemical
TBP
TCEP
TBEP
k (day-1)
-0.010
-0.030
0.022
-0.014
0.064
-0.001
-0.040
-0.053
-0.018
+ 95% C.I.
0.075
0.146
0.081
0.151
0.129
0.139
0.065
0.142
0.153
P-value
0.76
0.60
0.54
0.83
0.24
0.99
0.19
0.36
0.78
SUMMARY OUTPUT Roswell - TBP Governing Equation: In C = In Co - kt
1st Order Decay y = a + bx
Regression Statistics
Multiple R 0.119500669
R Square 0.01428041
Adjusted R Square -0.126536674
Standard Error 0.98807299
Observations 9
ANOVA
df SS MS F Significance F
Regression 1 0.099006425 0.099006425 0.101411061 0.759433727
Residual 7 6.83401763 0.976288233
Total 8 6.933024055
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -4.624712712 0.450897783 -10.25667654 1.8098E-05 -5.690915783 -3.558509642 -4.945365003 -4.304060422
Time -0.010144816 0.031856752 -0.318451033 0.759433727 -0.085474009 0.065184378 -0.032799485 0.012509854
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -4.624712712 0.721739936 0.780886083
2 -4.624712712 -0.227077048 -0.245685874
3 -4.624712712 -0.77107516 -0.834264298
4 -4.67543679 0.123891546 0.134044383
5 -4.67543679 0.528061587 0.571335911
6 -4.67543679 -0.302800789 -0.327615129
7 -4.868188285 -0.177281515 -0.191809626
8 -4.868188285 1.671562008 1.808545494
9 -4.868188285 -1.567020565 -1.695436944
95% C.I.
-5.6909
0.0034
-0.0855
-3.5585
0.0285
0.0652
50% C.I.
-4.9454 -4.3041
0.0071 0.0135
-0.0328 0.0125
In Co =
Co =
k=
k =
-4.625
0.0098
-0.010
-0.010
+95%
+50%
0.0064
0.0753
0.0227
SUMMARY OUTPUT Roswell - TCEP
Regression Statistics
Multiple R 0.083834914
R Square 0.007028293
Adjusted R Square -0.134824808
Standard Error 1.979454215
Observations 9
Governing Equation: In C = In C - kt
1st Order Decay y = a + bx
ANOVA
df SS MS F Significance F
Regression 1 0.194134147 0.194134147 0.049546275 0.83021004
Residual 7 27.42767291 3.918238988
Total 8 27.62180706
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -3.463722325 0.903305248 -3.834498175 0.006420204 -5.599698293 -1.327746357 -4.106100504 -2.821344146
Time -0.014205726 0.063820165 -0.222589926 0.83021004 -0.165116329 0.136704877 -0.059590917 0.031179466
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -3.463722325 1.087103844 0.587112794
2 -3.463722325 1.137183755 0.61415948
3 -3.463722325 -1.066120161 -0.575780124
4 -3.534750954 -0.334279438 -0.180534487
5 -3.534750954 0.142933066 0.077193943
6 -3.534750954 -1.271601971 -0.686754802
7 -3.804659746 -1.386269677 -0.748683456
8 -3.804659746 3.904558245 2.108737
9 -3.804659746 -2.213507663 -1.195450347
95% C.I.
-5.5997
0.0037
-0.1651
-1.3277
0.2651
0.1367
50% C.I.
-4.1061 -2.8213
0.0165
-0.0596
0.0595
0.0312
In Co =
Co =
k =
k =
-3.464
0.0313
-0.014
-0.014
+95%
+50%
0.0276
0.1509
0.0454
SUMMARY OUTPUT Roswell - TBEP
Regression Statistics
Multiple R 0.484323375
R Square 0.234569131
Adjusted R Square 0.125221864
Standard Error 0.850201033
Observations 9
Governing Equation: In C = In C0 - kt
1st Order Decay y = a + bx
ANOVA
df SS MS F Significance F
Regression 1 1.550622864 1.550622864 2.145175986 0.186434408
Residual 7 5.059892577 0.722841797
Total 8 6.610515441
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -2.15855114 0.387981217 -5.563545465 0.000847749 -3.075980279 -1.241122002 -2.434460827 -1.882641454
Time -0.040148152 0.027411581 -1.464641931 0.186434408 -0.104966196 0.024669892 -0.059641675 -0.020654628
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -2.15855114 0.972147794 1.222381139
2 -2.15855114 0.366124883 0.46036637
3 -2.15855114 -0.898664285 -1.129982785
4 -2.359291898 -0.374025242 -0.470300302
5 -2.359291898 0.371118115 0.466644874
6 -2.359291898 -0.552387684 -0.694573696
7 -3.122106779 -0.278710165 -0.350450879
8 -3.122106779 1.300594626 1.63537103
9 -3.122106779 -0.906198041 -1.13945575
-1.2411
0.2891
0.0247
50% C.I.
-2.4345 -1.8826
0.0876 0.1522
-0.0596
+50% 0.0195
In Co =
Co =
k=
k =
-2.159
0.1155
-0.040
-0.040
+95%
95% C.I.
0.0693
0.0648
-3.0760
0.0461
-0.1050 -0.0207
SUMMARY OUTPUT Morgan Falls - TBP
Regression Statistics
Multiple R 0.272057305
R Square 0.074015177
Adjusted R Square -0.157481028
Standard Error 1.328825533
Observations 6
Governing Equation: In C = In Co - kt
1st Order Decay y = a + bx
ANOVA
df SS MS F Significance F
Regression 1 0.564563552 0.564563552 0.319725229 0.601982227
Residual 4 7.063109191 1.765777298
Total 5 7.627672742
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -4.085283088 0.742681604 -5.500719376 0.005325614 -6.147302063 -2.023264114 -4.635385149 -3.535181028
Time -0.029669793 0.052471812 -0.565442508 0.601982227 -0.175355199 0.116015613 -0.068535508 0.009195922
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -4.085283088 -0.533472389 -0.448847684
2 -4.085283088 -0.517026568 -0.435010663
3 -4.233632052 -0.975996271 -0.821174019
4 -4.233632052 2.302942321 1.937626667
5 -4.797358113 -0.467523087 -0.393359918
6 -4.797358113 0.191075993 0.160765616
-4.085
0.0168
-0.030
-0.030
+95%
0.0147
0.1457
95% C.I.
-6.1473
0.0021
-0.1754
50% C.I.
-2.0233
0.1322
0.1160
-4.6354
0.0097
-0.0685
-3.5352
0.0292
0.0092
+50% 0.0389
In Co =
Co =
k=
k=
SUMMARY OUTPUT Morgan Falls - TCEP
Regression Statistics
Multiple R 0.56450119
R Square 0.318661594
Adjusted R Square 0.148326992
Standard Error 1.177237822
Observations 6
Governing Equation: In C = In C, - kt
1st Order Decay y = a + bx
ANOVA
df SS MS F Significance F
Regression 1 2.592717853 2.592717853 1.870797777 0.243190639
Residual 4 5.543555558 1.38588889
Total 5 8.136273412
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -3.580734516 0.657959116 -5.442183909 0.005535026 -5.407525668 -1.753943364 -4.068082881 -3.093386151
Time 0.063582225 0.046486013 1.367771098 0.243190639 -0.065483906 0.192648356 0.029150173 0.098014277
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -3.580734516 0.024121061 0.022908001
2 -3.580734516 -0.375573162 -0.356685415
3 -3.26282339 -1.171110992 -1.11221528
4 -3.26282339 1.615050489 1.533828854
5 -2.054761112 0.795704204 0.755687872
6 -2.054761112 -0.888191599 -0.843524034
95% C.I.
-5.4075
0.0045
-0.0655
-1.7539
0.1731
0.1926
50% C.I.
-4.0681 -3.0934
0.0171
0.0292
0.0453
0.0980
In Co =
Co =
k=
k=
-3.581
0.0279
0.064
0.064
+95%
+50%
0.0234
0.1291
0.0344
SUMMARY OUTPUT Morgan Falls - TBEP
Regression Statistics
Multiple R 0.46007382
R Square 0.21166792
Adjusted R Square 0.0145849
Standard Error 1.295512132
Observations 6
Governing Equation: In C = In C. - kt
1st Order Decay y = a + bx
ANOVA
df SS MS F Significance F
Regression 1 1.802556151 1.802556151 1.074003839 0.358580704
Residual 4 6.713406734 1.678351683
Total 5 8.515962885
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -1.881457967 0.724062718 -2.59847375 0.060144672 -3.891782521 0.128866587 -2.417769074 -1.34514686
Time -0.053015455 0.051156353 -1.036341565 0.358580704 -0.195048556 0.089017646 -0.090906814 -0.015124096
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -1.881457967 -1.321245021 -1.140241612
2 -1.881457967 1.326283776 1.144590084
3 -2.146535243 -1.202037043 -1.037364481
4 -2.146535243 1.1956723 1.031871673
5 -3.153828892 0.409419336 0.353331105
6 -3.153828892 -0.408093348 -0.35218677
95% C.I.
-3.8918
0.0204
-0.1950
0.1289
1.1375
0.0890
50% C.I.
-2.4178 -1.3451
0.0891 0.2605
-0.0909 -0.0151
+50% 0.0379
In Co =
Co =
k =
-1.881
0.1524
-0.053 +95%
0.1320
0.1420
k = -0.053
SUMMARY OUTPUT Atlanta - TBP
Regression Statistics
Multiple R 0.256963451
R Square 0.066030215
Adjusted R Square -0.089631416
Standard Error 0.896894972
Observations 8
Governing Equation: In C = In C. - kt
1st Order Decay y = a + bx
ANOVA
df SS MS F Significance F
Regression 1 0.341227727 0.341227727 0.424190692 0.538982586
Residual 6 4.826523542 0.80442059
Total 7 5.167751269
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -3.859327239 0.410863275 -9.393215391 8.26712E-05 -4.864674191 -2.853980287 -4.154145613 -3.564508865
Time 0.021607305 0.033175695 0.651299234 0.538982586 -0.059570757 0.102785367 -0.002198192 0.045412802
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -3.859327239 -1.092497774 -1.315686342
2 -3.859327239 1.130336314 1.361254993
3 -3.859327239 0.328131851 0.395166567
4 -3.751290714 -1.075714843 -1.295474793
5 -3.751290714 -0.113165426 -0.136284218
6 -3.751290714 0.72660188 0.87504084
7 -3.340751918 0.570209894 0.686699221
8 -3.340751918 -0.473901897 -0.570716269
95% C.I.
-4.8647
0.0077
-0.0596
-2.8540
0.0576
0.1028
50% C.I.
-4.1541 -3.5645
0.0157 0.0283
-0.0022 0.0454
In Co =
Co =
k=
k=
-3.859
0.0211
0.022
0.022
+95%
+50%
0.0134
0.0812
0.0238
SUMMARY OUTPUT
Regression Statistics
Multiple R 0.006180497
R Square 3.81985E-05
Adjusted R Square -0.166622102
Standard Error 1.540436483
Observations 8
Governing Equation:
1st Order Decay
ANOVA
df SS MS F Significance F
Regression 1 0.000543879 0.000543879 0.0002292 0.988411863
Residual 6 14.23766735 2.372944559
Total 7 14.23821123
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -2.627936392 0.705666548 -3.724048418 0.009805346 -4.354641493 -0.90123129 -3.134293316 -2.121579467
Time -0.00086264 0.056979973 -0.015139353 0.988411863 -0.140287714 0.138562434 -0.041749096 0.040023816
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -2.627936392 -0.504580974 -0.353802152
2 -2.627936392 1.466676696 1.028404553
3 -2.627936392 -0.574537902 -0.402854559
4 -2.632249591 -1.287064146 -0.902463802
5 -2.632249591 1.415522472 0.992536227
6 -2.632249591 -0.618005045 -0.433332857
7 -2.64863975 1.981598238 1.389457305
8 -2.64863975 -1.879609338 -1.317944715
95% C.I.
-4.3546
0.0128
-0.1403
-0.9012
0.4061
0.1386
50% C.I.
-3.1343 -2.1216
0.0435
-0.0417
0.1198
0.0400
In C = In C. - kt
y = a + bx
In Co =
Co =
k=
k=
-2.628
0.0722
-0.001
-0.001
+95%
+50%
0.0594
0.1394
0.0409
Atlanta - TCEP
SUMMARY OUTPUT Atlanta - TBEP
Regression Statistics
Multiple R 0.120011654
R Square 0.014402797
Adjusted R Square -0.149863403
Standard Error 1.688535473
Observations 8
Governing Equation:
1st Order Decay
ANOVA
df SS MS F Significance F
Regression 1 0.249987912 0.249987912 0.087679614 0.777129442
Residual 6 17.10691227 2.851152044
Total 7 17.35690018
Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 50.0% Upper 50.0%
Intercept -1.787795529 0.773509983 -2.311276607 0.060163515 -3.680507659 0.1049166 -2.342834077 -1.232756982
Time -0.018494302 0.062458081 -0.296107437 0.777129442 -0.171323832 0.134335228 -0.06331162 0.026323015
RESIDUAL OUTPUT
Observation Predicted Concentration Residuals Standard Residuals
1 -1.787795529 0.095991958 0.061404197
2 -1.787795529 1.810448213 1.158108669
3 -1.787795529 -0.352256263 -0.225331511
4 -1.880267041 -1.740372884 -1.113282838
5 -1.880267041 1.33265791 0.852475463
6 -1.880267041 -1.555464699 -0.995000652
7 -2.231658783 1.991661351 1.274027205
8 -2.231658783 -1.582665586 -1.012400533
95% C.I.
-3.6805
0.0252
-0.1713
0.1049
1.1106
0.1343
50% C.I.
-2.3428 -1.2328
0.0961
-0.0633
0.2915
0.0263
In C = In Co - kt
y = a + bx
In Co =
Co =
k=
k=
-1.788
0.1673
-0.018
-0.018
+95%
+50%
0.1421
0.1528
0.0448
APPENDIX 8
Preliminary Measurements
Site
Atlanta
Roswell
Morgan Falls
Buford
Turbidity (NTU)
Date
15-Jan
15-Jan
16-Jan
16-Jan
Time
10:50
2:48
3:31
2:04
10:42
11:14
Temp (*C)
8
9.5
9.5
11
9
9.5
Turbidity (NTU) + 0.5
11.2
5.19
6.98
5.04
2.82
3.13
12
10
8
6
4
2
BufordAtlanta Morgan Roswell
Falls
0-4
Appendix 9
Atlanta Field kb
Eration Data
r Amt Eirated,mL
192.1
95
91
176.6
94.7
104
183.6
82.5
105.2
Date
15-Jan
15-Jan
15-Jan
15-Jan
16-Jan
16-Jan
16-Jan
16-Jan
16-Jan
15-Jan
15-Jan
15-Jan
15-Jan
16-Jan
16-Jan
16-Jan
16-Jan
16-Jan
15-Jan
15-Jan
15-Jan
15-Jan
16-Jan
16-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
Time
1:38
2:25
3:04
5:05
9:20
10:53
12:50
1:15
1:45
1:53
2:41
3:10
5:23
9:30
10:59
2:00
2:30
5:05
2:08
2:50
3:23
5:37
9:35
11:04
10:18
11:17
1:22
10:59
1:42
2:01
11:13
1:31
2:07
2:22
2:52
3:21
Sample
Atl 1-0
Atl 1-0
Atl 1-0
Atl 1-5
Atl 1-5
Atl 1-5
Atl 1-24
Atl 1-24
Atl 1-24
Atl 2-0
Atl 2-0
Atl 2-0
Atl 2-5
Atl 2-5
Atl 2-5
Atl 2-24
Atl 2-24
Atl 2-24
Atl 3-0
Atl 3-0
Atl 3-0
Atl 3-5
Atl 3-5
AtI 3-5
Atl 3-24
Atl 3-24
Atl 3-24
No. Eration
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
188.9
94.2
81
185.8
93.9
98
186.8
82.6
106
187.2
91
92
191.7
91.3
92.5
178.0
81.2
100.6
186.5
82.1
100
177.5
89.1
100
162
90.2
94
EirabD
Alex
Alex
Alex
Matt
Alex
Alex
Sam
Sam
Sam
Alex
Alex
Alex
Matt
Alex
Alex
Sam
Sam
Alex
Alex
Alex
Matt
Alex
Alex
Alex
Joe
Alex
Alex
Matt
Alex
Alex
Matt
Alex
Matt
Matt
Matt
MF
MF
MF
MF
MF
MF
MF
MF
MF
1-0
1-0
1-0
1-5
1-5
1-5
1-24
1-24
1-24
r Amt Eiated,mL
188.8
91.7
87.6
185
82.6
98
160.6
95.5
99.9
Date
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
15-Jan
16-Jan
16-Jan
16-Jan
16-Jan
16-Jan
17-Jan
17-Jan
17-Jan
15-Jan
16-Jan
16-Jan
16-Jan
16-Jan
16-Jan
17-Jan
17-Jan
17-Jan
15-Jan
16-Jan
16-Jan
16-Jan
16-Jan
16-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
17-Jan
No. Ekation
1
2
3
1
2
3
1
2
3
Eirab
Alex
Alex
Matt
Alex
Matt
Alex
Matt
Alex
Alex
Time
11:05
1:29
1:54
11:22
2:03
2:33
2:37
3:06
3:28
5:06
9:25
10:56
9:45
11:32
12:16
10:24
10:58
11:52
5:25
9:33
11:05
9:53
11:47
12:22
10:28
11:31
11:56
5:45
9:43
11:11
10:00
11:46
12:27
10:44
11:34
12:14
10:39
11:39
1:35
10:49
11:43
2:13
11:57
1:19
1:48
Sample
MF 2-0
MF 2-0
MF 2-0
MF 2-5
MF 2-5
MF 2-5
MF 2-24
MF 2-24
MF 2-24
Ros 1-0
Ros 1-0
Ros 1-0
Ros 1-5
Ros 1-5
Ros 1-5
Ros 1-24
Ros 1-24
Ros 1-24
Ros 2-0
Ros 2-0
Ros 2-0
Ros 2-5
Ros 2-5
Ros 2-5
Ros 2-24
Ros 2-24
Ros 2-24
Ros 3-0
Ros 3-0
Ros 3-0
Ros 3-5
Ros 3-5
Ros 3-5
Ros 3-24
Ros 3-24
Ros 3-24
Buford #1
Buford #1
Buford #1
Buford #2
Buford #2
Buford #2
Buford #3
Buford #3
Buford #3
Joe
Joe
Joe
Alex
Alex
Alex
Matt
Matt
Alex
Joe
Joe
Joe
Joe
Joe
Alex
Alex
Joe
Alex
Joe
Joe
Joe
Alex
Alex
Alex
Matt
Alex
Alex
Alex
Alex
Alex
Alex
Joe
Matt
Joe
Matt
Alex
190.8
92.1
98.6
189.4
92
95.5
170.9
82.7
96.5
189.8
90.7
97
189.5
88.1
98
177.7
83.5
102.5
188.4
92.2
96.4
185
93.2
95.5
170.6
85.5
101
190.5
85.5
100.5
189.7
82.2
88.5
186.9
91.6
100.7
Date Time File Name Sample Name
Note: ND = no detect
12-Feb 8:44 0212std 500 std
12-Feb 9:09 0212stdl 1000 std
12-Feb 9:43 0212std2 2500 std
12-Feb 11:09 0212a100 Atlanta 1-0
12-Feb 2:06 0212a105 Atlanta 1-5
12-Feb 2:33 0212std4 500 std
12-Feb 4:11 0212std5 1000 std
Peak
10:58 12:16 18:11 16:18
TBP (99.3) TCEP (63.2) TBEP (41.4) Inj Std TBP
1419
3676
6264
3651
13065
8324
36793
928
1952
4238
13739
19758
3008
8809
ND 441642
1536 394978
3626 303491
47236 451973
21681 1427584
24760 1123157
4507 1470301
Mass (ng)
TCEP
Conentrations (ug.
TBEP(41.4) TBP TCEP TBEP(41.4)
26.87 165.71 699.91 0.007 0.044 0.184
30.44 75.45 101.71 0.008 0.020 0.027
13-Feb 9:54 0213std 500 std 2950 1199 101178
13-Feb 10:19 0213stdl 1000 std 5335 2290 1776 92376
13-Feb 10:44 0213a124 Atlanta 1-24 1515 1676 3818 442472 6.10 16.16 97.17 0.002 0.004 0.026
13-Feb 11:09 0213std2 1000 std 8033 3549 1807 187639
13-Feb 11:58 0213std3 2500 std 43576 15468 374625
13-Feb 3:37 0213std4 500 std 7582 2551 1669 291862
27-Feb 14:26 0227s1 500 std. 1481 1149 596 130608
27-Feb 15:08 0227s2 2500 std. 5926 5125 3798 132130
27-Feb 15:49 0227s3 1000 std. 2285 1938 1498 122408
27-Feb 17:11 0227s4 1000 std. 3371 2751 1323 162876
27-Feb 17:42 0227r100 Ros. 1, 0 hours 12451 47278 104085 639403 76.69 352.88 1160.21 0.020 0.093 0.305
27-Feb 18:14 0227r105 Ros. 1, 5 hours 8885 14509 30248 872769 40.09 79.34 247.01 0.011 0.021 0.065
27-Feb 0227r124 Ros. 1, 24 hours 6199 4423 17741 997866 24.47 21.15 126.71 0.006 0.006 0.033
27-Feb 0227s5 1000 std. 12676 8277 2597 399536
1-Mar 0301s1 500 std 852 967 791 88011
1-Mar 10:04 0301s2 2500 std 4564 4114 2549 75877
x
0
z
w
0.
0~
Peak Mass (ng) Conentrations (ug.
10:58 12:16 18:11 16:18
Date Time File Name Sample Name TBP (99.3) TCEP (63.2) TBEP (41.4) Inj Std TBP TCEP TBEP(41.4) TBP TCEP TBEP(41.4)
1-Mar 10:43 0301s3 1000 std 2199 1927 1243 85691
1-Mar 0301s4 1000 std 7058 4766 1941 198022
1-Mar 1:57 0301m100 Morgan Falls 1-0 1075 2989 2973 150175 37.49 108.43 154.48 0.010 0.029 0.041
1-Mar 2:28 0301m105 Morgan Falls 1-5 944 1971 4074 238108 20.76 45.10 133.51 0.005 0.012 0.035
1-Mar 3:10 0301m124 Morgan Falls 1-24 881 46507 7352 234841 19.65 1078.90 244.29 0.005 0.284 0.064
1-Mar 3:42 0301s5 1000 std 6462 3817 1843 164006
1-Mar 4:14 0301bufl Buford #1 1021 4286 8193 305949 17.48 76.32 208.96 0.005 0.020 0.055
1-Mar 4:45 0301s6 1000 std 11290 4928 1368 186600
4-Mar 9:56 0304s1 500 std 899 455 213 2179
4-Mar 11:58 0304s2 2500 std 3240 2080 1474 3938
4-Mar 12:36 0304s3 1000 std 1122 542 462 4030
4-Mar 1:14 0304a200 Atlanta 2-0 6250 16238 34321 179268 248.08 1189.75 3887.06 0.065 0.313 1.023
4-Mar 1:47 0304a205 Atlanta 2-5 907 6939 8765 80976 79.70 1125.55 2197.66 0.021 0.296 0.578
4-Mar 2:29 0304a224 Atlanta 2-24 2405 10677 10587 71909 237.99 1950.25 2989.19 0.063 0.513 0.787
4-Mar 3:01 0304s4 1000 std 5784 4245 1637 42956
5-Mar 3:13 0305s1 500 std 952 508 289 11190
5-Mar 3:43 0305s3 2500 std 5319 3954 3465 12518
5-Mar 4:13 0305s2 1000 std 1804 1159 1222 12071
5-Mar 5:44 0305s6 1000 std 2971 2981 1597 29503
5-Mar 6:13 0305r200 Roswell 2-0 443 3563 5155 76694 29.69 371.01 632.91 0.008 0.098 0.167
5-Mar 6:43 0305r205 Roswell 2-5 2006 2749 9489 171698 60.06 127.86 520.39 0.016 0.034 0.137
5-Mar 7:13 0305r224 Roswell 2-24 4337 75433 9366 143456 155.42 4199.22 614.77 0.041 1.105 0.162
5-Mar 7:43 0305s4 1000 std 8533 6264 2043 64315
5-Mar 8:43 0305s5 1000 std 6291 5669 1914 51761
Date
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
9-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
10-Mar
Time File Name
10:30 0309s1
11:00 0309s2
11:30 0309s3
1:00 0309s4
1:30 0309buf2
2:00 0309buf3
2:29 0309s5
2:59 0309m200
3:53 0309m205
4:23 0309m224
4:52 0309s6
10:17 0310s1
10:47 0310s2
11:17 0310s3
11:47 0310r300
12:17 0310r305
12:47 0310r324
13:16 0310s4
13:46 0310a300
14:16 0310a305
14:46 0310a324
15:15 0310s5
Mass (ng)
TCEP
Conentrations (ugj..
TBEP(41.4) TBP TCEP TBEP(41.4)
Peak
10:58 12:16 18:11 16:18
Sample Name TBP (99.3) TCEP (63.2) TBEP (41.4) Inj Std TBP
500 std 522 444 596 4605
2500 std 3896 2080 2600 6327
1000 std 1422 659 758 5871
1000 std 1889 1902 1448 17337
Buford #2 231 621 3752 45203
Buford #3 676 508 8227 71630
1000 std 3739 2701 1538 26815
Morgan Falls 2-0 1979 2232 84152 77423
Morgan Falls 2-5 26281 20616 52017 71088
Morgan Falls 2-24 1223 3815 2582 48037
1000 std 4804 3666 1481 31717
500 std 425 620 651 16114
2500 std 3813 2823 2924 10445
1000 std 1453 1105 1070 10550
Roswell 3-0 559 1206 5361 50833
Roswell 3-5 1531 1650 11186 91700
Roswell 3-24 525 723 5391 134992
1000 std 7089 4774 3035 63666
Atlanta 3-0 8388 10575 31191 118198
Atlanta 3-5 12367 8957 7585 105013
Atlanta 3-24 11494 5110 10637 215044
1000 std 7570 5161 2851 55736
38.11
551.18
37.96
17.24
26.17
6.10
111.23
184.58
83.77
72.71
731.42
200.30
40.97
31.07
9.25
154.51
147.30
41.04
2181.09
1468.35
107.86
178.67
206.66
67.66
447.07
122.37
83.80
0.010
0.145
0.010
0.005
0.007
0.002
0.029
0.049
0.022
0.019
0.192
0.053
0.011
0.008
0.002
0.041
0.039
0.011
0.574
0.386
0.028
0.047
0.054
0.018
0.118
0.032
0.022
7.62 34.65 166.56 0.002 0.009 0.044
14.07 17.89 230.48 0.004 0.005 0.061
APPENDIX 11
Sample Calculation of Conversion between Peak Areas and River Concentration
Roswell 1-Ohr TBP
From GC/MS Data Reduction Program:
PeakTBP =1245lcounts
PeakInjSd = 639403counts
Peak5 00 =148counts
Peak2500 = 5926counts
eA = 228 5counts
Mass Calculation:
MassTBP(ng) = (PeakTBP /PeaknjStd) OLInjSd *I 000(countSInjstd / InjStd Avgcoun/ MassTBP
where
Avgcoun, / MassTBP (Peak 500 / 500 + Peak250 / 2500 + PeakI000 / 1000) / 3
Avgcoun, / MassTBP = ((1481/500) + (5926 /2500) + (2285 /1000))/3
Avgcoun, / MassTBP = 2.54
MassTBp (ng) = (12,451/ 639,403) -10 LInjStd 1000(countSInjSd /InjStd ) / 2 .54 (counts / ng)
Mass T(ng) = 76.7
Concentration Calculation:
ConcentrationTBP (,pg / L) = Mass TBP (ug) / RiverSample Volume(L)
ConcentrationTBP (jpg / L) = 76.7jpg / 3.8L
ConcentratinTBp (pg / L) = 0.020
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1. Introduction
The advances in pharmacological chemistry over the past few decades has proven to be
an undeniable benefit to public health and led to marked improvements to our physical
and mental wellbeing. One only has to look as far as the local grocery store to witness
the immeasurable quantity of products designed to improve our quality of life. From
acetaminophen (Tylenol) to zinc oxide (sunscreen) the family of chemicals commonly
referred to as Pharmaceuticals and Personal Care Products (PPCPs) have come to play an
indispensable role in our society.
In 1962, Rachel Carlson's classic book, Silent Spring, initiated an era of concern over
toxic substances in our environment and the dire impacts that could result. PPCPs were
not included in this movement towards environmental awareness and education. These
compounds by nature are used in minute quantities and until recently knowledge of their
existence in the environment was unknown simply because they were present in such
small concentrations as to avoid detection. Because of these undetectably low levels
scientists and regulators both dismissed any threat PPCPs might pose to humans and
wildlife through environmental exposure.
However, concern has arisen over the past 15 years as several studies have reported
detecting various PPCP compounds in natural surface waters. Despite concentrations as
low as a few parts per trillion in some cases, the scientific community has quickly
become engulfed in trying to not only determine the extent of their presence in the
environment, but assess the potential adverse impacts to human and environmental
health. So far policy makers have by and large been hesitant to respond due to a lack of
convincing data proclaiming a serious health risk.
This paper will review the issue of PPCPs in the environment from both a scientific and
policy perspective and show how they are closely related. After highlighting the path by
which PPCPs reach the environment, a summary of scientific findings regarding
concentrations in waterways throughout the world and early studies on the toxicological
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impact to humans and wildlife will be presented. The current policy of government
agencies, both in the North America and Europe, will be detailed. Finally,
recommendations for both sides of the PPCP issue will be made and discussed in light of
the Precautionary Principle.
II. Pharmaceuticals and Personal Care Products in the
Environment
PPCPs are generally divided into two groups, human and veterinary drugs. Within these
two groups are several classes of compounds, including but not limited to antibiotics,
hormones, growth promoters, antiparacetic agents, antinoplastic agents (cancer
treatment), and analgesic agents.
PPCPs are designed to be biologically active and to elicit a specific response, often
therapeutic, in the body. To remain in their active state and therefore promote high
efficiency, PPCPs are generally hydrophobic, or lipophilic (solubility < 100mg/L) as well
as resistant to rapid breakdown. The pharmacology of each chemical is unique, but
generally they are partially broken down within the body into several structurally related
substances (SRSs) including the dissociated parent compound, metabolites, conjugates,
and degradates [1]. This mixture of compounds, if not adsorbed by the body, is excreted
and thereby likely enters the natural environment.
The drug product manufacturing process, when operated under Good Manufacturing
Practice Regulations (GMPs), releases minimal drug residue, especially when water is
used as the cleaning solvent [1]. Therefore the main sources of these compounds are the
individuals who consume them along with various veterinary applications. PPCPs reach
the environment from a multitude of pathways depending on the target species receiving
the compound (Appendix 13).
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A. Human Products
After ingestion and partial absorption and metabolism, a mixture of the parent compound
and its SRSs are excreted and sent to the local municipal sewage treatment plant (STP).
Unused PPCPs are often disposed of to the STP, either from households, hospitals, or
pharmacies. Once these various sources of PPCPs arrive at the STP, one of three fates
can occur. The compound can be fully broken down to carbon dioxide and water via a
combination of degradation processes, namely hydrolysis, photolysis, and both anaerobic
and aerobic biodegradation, essentially ending the compound's life cycle. If the
compounds are particularly lipophilic they may partition into sludge solids where they
will be separated from the wastewater while continuing to undergo degradation via
anaerobic digestion. This sludge is typically dried and sent to either a landfill as backfill
or a farm for application as a fertilizer. In either case, leaching is likely to occur whereby
the compound and/or its SRSs seep into the soil, where they either remain indefinitely or
discharge to the groundwater system. From there it can either remain suspended in the
aquifer or discharge to a local surface water body. Runoff can occur as well where the
PPCPs are transported directly from land to surface water during wet weather. The third
fate in the STP is to remain persistent in solution and enter the receiving surface water as
part of the plant's effluent. Because the main source of PPCPs to the environment,
individual human consumption, is regarded as being at a steady state throughout the year,
PPCPs are said to be pseudo-persistent in the environment despite the processes of
breakdown and degradation.
B. Veterinary Products
Animal drugs enter the environment through several mechanisms depending on their
initial application (Appendix 13). Livestock growth promoters and therapeutics will be
metabolized to a varying extent before being excreted to the ground surface. For grazing
animals such as cattle, the concentration will be spread across a larger land surface. In
contrast, for confined animals such as pigs, the concentration of PPCPs on the ground
will be highly localized with potentially more severe impacts on the environment [2]. In
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either case, the PPCPs will experience a similar fate as that of STP sludge fertilizer; it
will either leach into the ground or run off into a nearby stream or lake. Another large
source of veterinary drugs to the environment is through the aquaculture industry. Feed
additives are frequently added to fish farms, which have the most direct pathway to the
natural aquatic environment. A large percentage of applied PPCPs settle to the bottom
sediment or flow directly into the surrounding waters un-metabolized.
III. Scientific Overview
A. Environmental Detection - Europe
Beginning in the early 1980s major breakthroughs in analytical chemistry allowed the
quantification of compounds present in water samples on the order of magnitude of parts
per billion [3,4]. Starting in the early 1990s the European Union began to express
interest in PPCPs in the environment, initiating studies in an attempt to detect and
quantify the magnitude of the most abundantly used chemicals in natural waters.
Succinct reviews of the latest results have been published [5,6]. Pioneering work on
German STPs and receiving waters found 32 separate drug residues and five metabolites
[7]. Researchers in Italy found surprising levels of PPCPs in samples collected along the
Lambro and Po Rivers [8,9]. The results of a continent-wide project entitled
Remphamawater were recently presented at the Envirpharma Conference in Lyon [10].
In addition to merely detecting various compounds, researchers have also analyzed
variations in concentration over time and begun to determine removal rates and
mechanisms for various compounds under real-world conditions [11].
B. Environmental Detection - United States
It was not until 1999 that the United States became involved and conducted its first
nationwide reconnaissance of organic wastewater contaminants (OWCs) in water
resources [12]. The United States Geological Survey (USGS) organized the sampling of
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139 streams between 1999 and 2000, covering 30 states and a full spectrum of landscapes
and climates. The sampling sites were chosen with biased intentions, focusing on areas
downstream of human, industrial, and agricultural wastewater discharges where
concentrations were likely to be highest. 95 OWCs were tested, divided broadly over 15
classes of compounds, ranging from detergent surfactants to stimulants such as caffeine.
80 percent of the streams sampled had detectable levels of OWCs, often with numerous
compounds at the same site. The highest concentrations were associated with detergent
metabolites, plasticizers, and steroids, accounting for 80 percent of the total measured
concentration.
The USGS has since followed with several more studies geared at groundwater and
source waters that serve both as wastewater effluent receiving waters and drinking water
treatment plant intake sources. One such study was conducted between 1999 and 2002
on the Chattahoochee River in Atlanta, Georgia. With the support of the Centers for
Disease Control (CDC), the USGS analyzed samples collected from wastewater
treatment plant discharges as well as both drinking water intakes and treated water [13].
Many states have begun instituting their own studies as well.
C. Detection Methods
In order to facilitate the analysis of the samples collected, the USGS developed five new
analytical methods specific to different classes of compounds being tested. These
generally involve some form of extraction followed by separation and detection by means
of chromatography and mass spectrometry [12]. Comparisons of several different
analytical methods used in the U.S. and abroad have been conducted, including solid
phase versus liquid-liquid extraction and gas versus liquid chromatography [14,15]. The
importance of mass spectrometry as a tool for improving public health has been
researched as well [16]. This study used liquid/liquid extraction coupled with gas
chromatography/mass spectrometry for the analysis of organophosphate esters.
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D. Environmental Impact Assessment
Having demonstrated the presence of a number of PPCPs in the environment, the trend is
now moving towards researching the different effects various chemicals and their SRSs
can have on both humans and biota at the concentrations found in the environment. The
most expected effect is traditional toxicity typical of all xenobiotics. These impacts can
take place at any place in the biological hierarchy and can vary significantly depending
on dose and duration of exposure. The countless mixtures found in STP discharges can
lead to synergistic toxic effects on exposed populations separate from those of any
individual chemical [17]. Studies in Denmark have begun correlating Predicted
Environmental Concentrations (PEC) based on widely available consumption data to
Predicted No Effect Concentrations (PNEC) based on toxicity tests in order to estimate
the adverse effect a particular compound will have in the environment [18].
Perhaps the gravest effect is the increase in bacterial resistance due to prolonged
exposure to antibacterial agents (ex. triclosan). Antibiotics drastically alter the genetic
pool of microorganisms through the mechanisms of natural selection and genetic
mutation, often resulting in more resistant species. This effect is more pronounced at the
low concentrations typically seen in the environment and is considered long term and
irreversible. Antibiotics are often associated with hospital and household discharges but
can also enter the environment through agricultural runoff or leaching through the soil
after application of antibiotics to domestic livestock [19]. A study in the U.S. showed
that the bacteria present in wild geese in suburban Chicago had grown immune to many
antibiotics, which could only have reached the geese through interactions with their
environment [20].
A third prominent effect is via endocrine disruptors, which disturb the normal function of
hormones, even at low concentrations. Studies in Minnesota demonstrated the effect of
estrogenic pollutants on fisheries. These potent hormones, found frequently in STP
discharges as the result of birth control pills and menopause therapeutics, are altering the
gender and fertility of several species of fish through feminization [21].
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Several other classes of PPCPs have been analyzed for their impact in aquatic
environments as well, ranging from fragrances/musks to X-ray contrast media [22,23].
E. Human Impact Assessment
As for the impact on humans from environmental exposure to PPCPs, research has been
scarce. One study stands out as being the first to focus exclusively on human risk from
environmental exposure, more specifically through water consumption [24]. Using three
compounds to which humans are believed to be particularly sensitive, along with
consumption data from Denmark, a worst-case scenario was modeled. The result was a
negligible human risk from any of the three compounds. However, the model did not
account for the combined effects of all compounds found in a mixture, as is more typical
of a real world situation.
Another study focused on the concern over PPCPs in drinking water. By comparing
concentrations from a German drinking water source with therapeutic doses, calculating
long-term exposure and implementing worst-case parameters, it was found that expected
daily exposure was consistently several orders of magnitude below therapeutic daily dose
[25]. As a result, it was concluded that the present level of PPCPs in drinking water
sources is not a serious cause for concern. However, no mention was made of the
varying susceptibilities of sensitive or non-target populations to specific compounds (ex.
male exposure to estrogen), as it was assumed that the difference was well beyond the
appropriate safety factor.
F. Treatment
In addition to expanding our collective knowledge base on the extent of negative human
impacts, decrease in exposure via wastewater and water treatment is another area of
active research. One study by the Poseidon Group, funded by the EU, discovered the
remarkable efficiency (-99%) with which ozone can eliminate antibiotics in STPs [26].
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Another study found photochemical reactions involving either oxygen or hydroxide ions
were successful at breaking down two particular compounds, cimetidine and ranitidine
[27]. Use of charcoal filtering has been demonstrated as well [28].
G. Advantages to PPCP contamination
The presence of PPCPs in the environment does serve a couple of useful functions.
Many synthetic compounds only reach the environment via human waste and therefore
make good tracers of sewage material. With current testing methods, the results can be
interpreted faster and potentially with more validity than E. Coli or other indicators of
human fecal matter. This application of PPCPs as tracers would be useful in both
groundwater and surface water. The release dates of almost all PPCPs are carefully
regulated, allowing sediment samples to be geologically dated. Gathered data on illicit
drug levels in the environment on a community wide basis can have interesting social
policy implications [29].
IV. Political Overview
A. United States
PPCPs are regulated in a much different manner than families of industrial chemicals.
The Environmental Protection Agency (EPA) under such congressional mandates as the
Clean Water Act and Clean Air Act heavily regulates industrial and manufacturing
chemicals, while pesticides are strictly governed under the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA). The enormous quantity produced of many of these
chemicals coupled with their often clearly visible environmental effects promotes this
attention. A classic example is the spontaneous combustion of oil components on the
surface of the Cuyahoga River in Cleveland (See Figure 1).
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Figure 1 - Infamous Cayouga River Fire in Cleveland, OH that helped spark
Environmental Movement of the early 1970s [30].
The EPA is getting involved in the emergent PPCP issue through their Office of Research
and Development. Their role thus far has been in compiling an expansive database of
information related to scientific issues concerning PPCPs in the environment [31]. The
Health and Ecological Criteria Division of the Office of Water has released a statement
regarding their involvement in the issue as well [32]. As many as 170 organic
compounds have been studied and issued either drinking water standards or health
advisories, yet PPCPs not part of most water quality regulations [25].
The Food and Drug Administration (FDA), an agency under the U.S. Department of
Health and Human Services, is responsible for enforcing the Federal Food, Drug, and
Cosmetic Act (as amended 1997). Within their Center for Drug Evaluation and Research
and Center for Veterinary Medicine they are responsible for regulating the manufacturing
of human drugs/biologics and veterinary drugs [33]. According to the National
Environmental Policy Act of 1969 (NEPA), all Federal actions affecting the quality of the
human environment must include a statement of the environmental implications of the
- 102 -
M. Andrews
M. AndrewsNauaAteutoofranhshts
proposed action [34]. For the FDA this means assessing environmental impacts in
conjunction with all current and new drug and biologics applications. Title 21, Part 25 of
the Code of Federal Regulations (CFR), titled 'Environmental impact considerations'
outlines the circumstances and procedures by which the FDA will require an
Environmental Assessment (EA) as part of a new drug application [35]. Essentially an
EA is an initial analysis of how a particular drug will affect the quality of the human
environment. If the FDA determines that the drug may pose a threat at the predicted
environmental concentration (PEC), further investigation is mandated, including the
completion of an Environmental Impact Statement, which outlines further impact studies
and proposes alternatives. Even though it has yet to do so, the FDA has the ability to
reject an application on the basis of a poor EA. To clarify its position, in 1995 the FDA
released a manuscript dictating to manufacturers the guidelines for submitting EAs [36].
Within these guidelines the FDA states that all products, if produced or disposed of in
accordance with emissions requirements, do not pose an adverse impact to the
environment and will likely not warrant an EA as part of the application process [1].
CFR Title 21 outlines in more detail the 'categorical exclusions' for human drug and
biologics EAs [37]. As part of the Clinton Administration's strategy to streamline many
regulations in 1997, the FDA amended its requirements for issuing a categorical
exclusion [38]. The new regulation allows for a categorical exclusion for substances with
a PEC at the point of entry to the environment to be less than one part per billion [37]. It
was believed at the time of promulgation that no adverse effects would result from such a
concentration of any compound. As previously stated, this is constantly being disproved
by new scientific findings. Exclusions are also in place for natural compounds, including
hormones, which are now known to be extremely dangerous in the environment, and non-
food animal drug use. All of these exceptions act to drastically reduce the number of
EAs, which was the desire of the Clinton Administration.
There is an exception to the exception however, which states that an EA will be required
for any excluded action "if extraordinary circumstances indicate that the specific
proposed action may significantly affect the quality of the human environment" [39].
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Examples listed include situations in which data demonstrate the potential for serious
harm or when a species or critical habitat is entitled to special protection under Federal
law. In essence, the FDA has had the legal standing to force critical environmental
thinking into every decision regarding PPCPs and to date has largely relinquished that
ability, largely due to executive pressure. This lack of environmental sympathy persists
with the current administration; The Toxic Substances Hydrology Program run by the
USGS, which was to conduct studies on contamination reaching drinking water intakes
was recently eliminated in favor of a cheaper National Science Foundation program by
the second Bush administration.
B. Europe and Canada
In contrast, Europe takes a more cautious approach not only in carbon emission
reductions, but PPCP contamination as well. As part of the EU, the European Agency for
the Evaluation of Medicinal Products sets the exclusion cutoff for EAs for human drugs
at greater than ten parts per trillion, one hundred times less than the FDA [28]. In 1998
Environmental Risk Assessments (ERAs) became a mandatory part of the new drug
approval process for all compounds whose PEC was greater than one part per billion.
This cutoff is rarely surpassed so that ERAs are seldom carried out. ERAs essentially
model PNEC divided by PEC to arrive at a risk estimate [40]. New regulatory guidance
issued by the EU in early 2004 stipulates that phase II risk assessments based on
standardized acute toxicity tests will be required for all drugs whose PEC is greater than
one part per billion or octanol-water partition coefficient (K.,) is greater than 3.5,
signaling substantial bioaccumulation [41].
The EU, which recently expanded in size by introducing new member countries, has
several programs in place to deal with environmental issues. Their S.C.A.L.E. program
is an effective action plan for approaching environmental problems. They have also
instituted R.E.A.C.H., a successful chemical registration program. Europharma Forum,
part of the World Health Organization's regional office for Europe, is a large network of
pharmaceutical associations devoted to protecting public health in Europe. Working
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alongside the WHO, the Forum contributes information, practice development, and
policy statements regarding issues of concern to pharmacists [42].
Canada has also joined in the effort to reduce emissions. In 1998 Canada conducted a
national survey of sewage treatment effluent, followed by a two-year study enacted in
2001 by Health Canada [21]. The result was passage of new legislation regarding drug
approvals. Under the Canadian Environmental Protection Act all companies seeking
approval for a new drug regulated under Canada's Food and Drugs Act must first notify
the Minister of Health [43].
V. Scientific Recommendations
It is universally accepted that the global elimination or banning of PPCPs is preposterous
in light of the major benefits they impart on the health and wellbeing of society. In fact,
drug use will inevitably rise in the future, due to population growth, per capita
consumption increases, a reduction in prices as more generic products find their way into
the market, and new uses for all age, social, and health classes. PPCP presence in the
environment has been affirmed, but the science behind the repercussions of these findings
is still very much in the infant stage.
A. Extensive Toxicology Studies
The need for scientific findings regarding the risks posed by PPCPs and their exposure
pathway in the environment is of utmost importance. Scientific research should focus on
addressing the effects of real world situations instead of simplified lab experiments. In
other words, a thorough evaluation of the impacts on non-target species by simultaneous,
extended exposure to a large mixture of PPCPs and their SRSs at low concentrations is
warranted. Analyzing long-term effects with short-term bench scale experiments is a
difficult and largely impractical exercise. A chemical-by-chemical approach, as is the
norm for toxicity testing, will not yield particularly useful results, particularly when
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chemicals are relatively harmless in isolation but trigger high risk when combined into a
mixture of compounds [17,28]. Not only does the aquatic environment need to be
investigated, but considerations should also be made for other environmental
compartments, such as sediment, soil, and sludge and the partitioning that takes place
between them. Many other factors exist in assessing a toxicological response to a
chemical stimulus, exposure history, dose, duration, route, and costressors to name a few,
all of which must be accounted for in an accurate analysis [44].
B. Systems Level Approach
The complexity and shear magnitude of this task is quite daunting, too ambitious and
cumbersome given resource limitations and the need for timely results. A systems
approach, combined with careful prioritization and collaboration is the best strategy.
Not only can the problem become more manageable in this manner, but also more
informative, as subtle effects in the environment often arise only from interspecies
interactions seen from a systems level, or holistic vantage point. A broad scope, when
cleverly constructed will unveil the high potential classes of compounds and their overall
impacts. Only after those compounds or classes of compounds with the largest risk factor
have been identified, should a more detailed analysis be considered taking into account
all toxicological factors.
A strategy advocated by several experts is the use of toxicological, pharmacokinetic, and
pharmacodynamic data as a means of predicting hazardous impacts (eco-toxicological
effects) [40,45]. This strategy makes use of the fact that pharmaceuticals are one of the
most analyzed classes of chemicals due to their inherent function as a catalyst for
numerous reactions in the bodies of both humans and animals. The idea is to essentially
take therapeutic information and apply it to an eco-toxicological scenario. Surely this
will not replace the eventual need for more in-depth toxicological studies, but can narrow
the focus of these studies and further alleviate a lot of irrelevant research.
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C. Compartments Other Than Aquatic Environment
Studies traditionally have been geared towards consumption of contaminated water, with
little work being done to address other mechanisms by which a PPCP contaminated
environment can impact human/environmental health. Examples include how subtle
effects to fish, daphnia, or other aquatic organisms could have a trickle down effect on
humans, who sit perched on top of the food chain. The impact on crops grown with
PPCP contaminated fertilizer, even at low concentrations, and the effect the on the
growth of various aquatic and or even terrestrial plants has not been thoroughly
investigated.
D. Biochemistry Studies
Separate from direct environmental impacts but imperative to understanding the exposure
pathway is a more thorough understanding of processes that take place before
introduction into the environment. Physical and chemical properties of drugs, especially
the reactions involved in metabolite formation within the body need to be better analyzed.
This does not give a specific environmental loading, however, as many PPCPs will be
altered after excretion from the body, often reverting back to the parent compound after
being broken down into metabolite. Attention needs to be paid to the "use pattern" of
PPCPs. In order to study the fate of a compound, the initial step is to know the
production and combine it with the biochemistry to get a clearer picture of the
environmental loading.
E. Treatment Improvements
Another proposed remedy is to continue with treatment research. Focusing on the
removal of the most persistent compounds will likely result in the subsequent elimination
of numerous less persistent and perhaps unknown compounds. Unfortunately, this
approach only cuts off one source of the contamination. As previously mentioned,
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groundwater and runoff of animal drugs contribute significantly to surface water
pollution. There are certainly economic considerations as well for the installation of new
processes and retrofit of current treatment plants. Certainly, more restrictions on
discharge levels would be added to maintain a specified level of performance within the
industry and this increased regulation would place more on the shoulders of an already
overburdened industry. Untreated sewage only increases the amount of PPCP
contamination to the environment. Combined sewer overflow during storm events is
often hard to avoid, but leaks in STPs and septic tanks can and should be repaired.
Collaboration and exchange of information within the scientific community is imperative
to avoid duplication of work and the unnecessary expenditure of time and resources on
needless research. Another reason for meticulous international cooperation between
scientists is to assure results can be properly compared. This will require the
development of internationally recognized standard procedures for the detection of
minute contaminant concentrations. These procedures will certainly have to vary
depending on the class of compounds being analyzed, but the methods must be performed
with high quality control and be well documented.
VI. Policy Recommendations
"Science, in the face of uncertainty, must be melded with policy
and political judgment to arrive at a course of further study or action."
- Christian G. Daughton
A. Precautionary Approach
Frequently, ecological "surprises" occur when the ultimate hazard is different than that
expected. Subtle cumulative effects can lead to major unforeseen effects down the road.
This is the guiding principle to the "Butterfly effect" (where the flapping of an apparently
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meaningless organism in one part of the world can ultimately lead to large scale weather
chaos elsewhere) [46]. The problem with extremely complex systems such as
ecosystems is that the subtle effects are often hidden. It has been postulated that
ecosystems are incredibly delicate structures, consistently on the cusp of chaos, a major
example being the fine line of stability to which the global climate is disparately clinging
[47]. The moral is that it is best to remove interferences to such a system, even if the
effects cannot be seen or predicted. A reduction or prevention approach to PPCP
pollution is the best strategy given the amount of scientific uncertainty regarding
environmental consequences. There is always opportunity to reevaluate as new science
become available; the opposite however, imparting a defensive strategy after the effects
are pronounced, is a far greater risk.
A reduction in PPCP loading to the environment takes place on several fronts, beginning
with the drug manufacturing industry, through technological change promoted through
either government regulated initiatives or voluntary stewardship, and continuing to the
individual consumer.
B. "Green" Pharmacy
Drug manufacturers have the best opportunity to attack the problem of PPCPs in the
environment at the source, with drug design. By altering ingredients and formulations to
create products that have a maximum susceptibility to natural degradation
(biodegradation, hydrolysis, etc.), exhibit a more complete breakdown in the digestive
system (labile drugs), more efficient adsorption within the body, or require less dose to
arrive at the same therapeutic response (Chirality's rule) would lead to an overall
reduction in loading to the environment. The development of alternate delivery
mechanisms may be feasible, utilizing the lungs or skin as an entryway for example,
which might increase the absorptive capacity of certain PPCPs. The use of natural
products or alternative medicines may be just as effective with less environmental
impact. Many societies already strongly endorse their use. Traditionally, drug
manufacturers have been slow to move products from clinical trials to the marketplace.
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Depending on the constraints present in post-trial development, every effort should be
made to get environmentally friendly drugs to the market expeditiously.
Careful identification of the necessary dose, which is often too high, can be differentiated
by sex, age, and weight, to decrease the amount of unnecessary PPCP intake. Guidance
can be placed directly on the label informing the patient of proper disposal and the
impacts of unnecessary dosing. Even utilizing smaller package sizes, or altering the
packaging to promote a longer shelf life would prevent needless disposal of unused
drugs. More in the way of consumer advisories would alert the public to the health
consequences of their actions.
C. Individual Actions
The public can play a major role in reducing the risk to environmental exposure to
PPCPs. Small tactics such as using condoms over birth control, natural menopause
remedies over prescription hormones, returning old prescriptions for proper treatment and
disposal, avoiding antibiotic products such as certain soaps and first aid items, and eating
only antibiotic-free meats can go a long way in reducing the PPCP loading to the
environment [28]. Simply completing medication as prescribed, and properly disposing
of any unused medications or other PPCPs will lead to a huge reduction in PPCP loading
to the environment.
D. Regulatory Actions
The government can be a major influence in facilitating responses from drug
manufacturers and the general public, through a combination of incentives and direct and
indirect regulation. The public release of the USGS survey has forced the FDA to
consider changes to its approach to the PPCP problem although no definitive corrections
have yet to be implemented [38]. One tactic would be to take a laissez-faire market
approach, educating consumers and then allowing them to dictate the optimal level of
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PPCPs in the environment in an open market [48]. This "Do Nothing" approach burdens
the consumer with accounting for all the science available, which is constantly
expanding. Also, the incentives would have to be substantial realizing that individual
contributions would essentially be negligible.
Another strategy is to have the government intervene and actively encourage
technological and consumer behavior change. The FDA has the ability to strengthen its
environmental authority and force manufacturers to look at the long term environmental
impacts of their products, but has to date largely withheld such power. New scientific
data should compel them to action. In fact, it must according to the NEPA and
Administrative Procedure Act (APA). The FDA is required by law to refrain from being
"arbitrary or capricious" and must account for all available facts when making an agency
decision. The first step is to reevaluate their 'categorical exclusions' policy. Scientists
have already shown that PPCPs can elicit serious effects on the environment at
concentrations on the order of parts per trillion, therefore the FDA can no longer justify
issuing EA exemptions on the basis that no impacts will arise below 1 part per billion.
The concept of PEC as it is currently defined is problematic because it assumes
geographically consistent usage throughout the country and does not account for
additional sources and interactions between compounds, which can increase the 'no
effect' concentration. The guidelines for predicting environmental concentration need to
be reassessed. Another big issue is drinking water safety; our fresh water supplies are too
precious to ignore despite early indications that no health risk is posed [24,25]. The FDA
currently does not have human exposure as the final endpoint of an Environmental Risk
Assessment (ERA) for new drug approval. The EPA presently does not have specific
regulatory guidelines for assessing PPCPs in drinking water either. This is a major lapse
that can no longer be ignored given the latest scientific findings.
Two other issues Congress needs to step forward on regard Internet dispensing of PPCPs
and the counterfeit drug market, where tightened laws regulating their existence should
be implemented. Guidelines for the drug manufacturing industry, as far as labeling,
packaging, should be clearly defined. More can be done to develop an industry devoted
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to the return or recycling of old, unused PPCPs. Certainly, incentives would have to be
provided to consumers to get them to participate, whether it is a cash refund or some
other subsidy. The criminal component to the disposal of unused PPCPs is one that is
already being dealt with on the state level. Maine has just recently passed new regulation
by the House of Representative and Senate regarding the proper disposal of expired
pharmaceuticals [49]. Sponsored by Senator Bromley, this piece of legislation marks an
initial attempt by states to use law enforcement at PPCP drop-off sites, to prevent the
attraction of criminal elements.
E. Multi-disciplinary approach
The issue of PPCPs in the environment parallels the much larger issue of global climate
change in that the solution ultimately lies in a multi-disciplinary approach. Various
groups will need to coordinate their efforts in order for any solution to be feasible.
The key is an open line of communication between the governmental health departments,
which govern drug approval and use and know little about environmental science, and the
agencies directly responsible for ecosystem and water supply health. On a Federal level,
the EPA and FDA, working together, could develop regulation much more conducive to
protecting public and environmental health, as mandated by the NEPA.
The Government should also act to promote communication between the scientific,
regulatory, and medical communities. A major step as already been taken with the EPA
and American Hospital Organization reaching an agreement in 1998 to work towards
environmentally conscious medical policies through the efforts of the organization
Hospitals for a Healthy Environment [44]. Whether it is educating doctors about the
environmental dangers of over-prescribing medication, educating patients about the
importance of completing prescribed medications, how best to handle hospital waste, or
phasing out controversial or otherwise unnecessary drugs, the open exchange of
information between these three groups cannot be overlooked. The best way to
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accomplish this would be through a national database that tracks and records sales and
consumption of PPCPs throughout the country.
The PPCP issue also represents a golden opportunity for improvements to the relationship
between science and journalism. There was a substantial outfall following the public
release of the USGS study. Public concern and inquiry about the emerging pollution
problem grew dramatically [32]. Numerous editorials and articles conveying the latest
research results found their way into major newspapers as journalists picked up the story
[17,26,28]. The manner in which science is portrayed by the media will have a large
influence on public opinion, and journalists should be mindful of this power of
persuasion, educating themselves to better understand scientific details and learning to
respect rather than scrutinize scientific findings despite their uncertainties. Scientists
should relish the opportunity to share their findings with the global public through a
journalist carrier rather than fearing misrepresentation. The two fields do not vary that
much, they should embrace both their similarities and differences, if for no other reason
than the benefit of the public.
Most importantly, it is vital for the U.S. as the largest consumer of PPCPs to lead the
international initiative towards dealing with this form of environmental contamination.
Despite the localized nature of this contamination, collaboration must persist between the
United States and European Union; their efforts must augment rather than counter each
other, especially given their mutual concerns over public and environmental safety.
F. Economic Considerations
Certainly the regulation of PPCPs in the environment is ultimately based in economic
considerations. The situation is one of allocation of funds and resources to management
of an uncertain level of risk. The decision for government officials boils down to how to
best divide their finite resources. At the present time a benefit to cost analysis by the
U.S. government would probably reveal that spending billions of dollars on reducing
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PPCP risk would save fewer lives than spending that money elsewhere. There is reason
to believe that future scientific findings will alter this cost-based risk assessment.
The fundamental question that inevitably will be asked is who pays for this PPCP
management? Traditionally our government has leaned towards implementing policy
based on the "Polluter pays" principle, but this assumes the polluter is in a position to
control the amount of contaminants they release to the environment. In the case of
PPCPs, this is seldom the case, as people do not have control over how their bodies
absorb and excrete certain products and as stated before, attempting to ban their use is
futile. This principle would place a burden on pharmaceutical users or their insurers,
which would eventually lead to the general taxpayer.
Some economists claim that the best protector of public health, safety, and the
environment is societal and individual wealth. By withholding funds and resources from
a productive economy in order to promote a regulatory economy, there is the opportunity
for increasing overall risk [43].
Rather than spending needless amounts of time casting blame a better solution is the
promotion of environmental stewardship. A recent push towards minimizing
environmental regulation in favor of voluntary action has often resulted in financial
gains. For example, instead of spending resources refuting scientific evidence, many
business leaders have found it advantageous to use environmental concerns to
springboard to higher levels of financial success. Environmentalism as a corporate
philosophy is yielding big dividends not only in terms of the bottom line but in public
persona as well. Promoting rather than forcing environmental awareness on the topic of
PPCPs through consumer education and economically advantageous technological
change will ultimately lead to reduction in human and environmental health risk.
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VIL Conclusion
PPCPs are reaching the natural environment with potential immediate impacts to both
human and environmental health. This issue cannot be continually misconstrued as a
future problem simply because the effects are not pronounced at the present time. The
scientific community will continue to gather information and data regarding the adverse
effects associated with current and future levels of PPCPs in the environment in order to
facilitate an enhanced assessment of the risks to human and environmental health.
The response thus far has been to refrain from proceeding until "you see the white in his
eyes," believing no action is necessary until the consequences are evident. However,
when environmental and public health are at stake, the risks are too high to sit back and
wait, action must precede impact. An approach focused on achieving dual economic and
environmental success involves combining government, industry, and consumer efforts
on an international scale. Reflecting once again on the "Butterfly Effect"; many small
efforts, where the immediate result may or may not be visible, may very well lead to the
best solution in the end.
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APPENDIX 13
Exposure
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Origins and Fate of PPCPs' in the Environment
'Pharmaceuticals and Personal Care Products U.S.Environmental Protection Agency
Office of Research and Development
National Exposure Research Laborator
I Environmental Sciences Division
2 1 b c C Environmental Chemistry Branch
Fi8
Legend
I Usage by individuals (la) and pets (lb):
Metabolic excretion (unmetabolized
parent drug, parent-drug conjugates, and
bioactive metabolites); sweat and vomitus.
Excretion exacerbated by disease and slow-dissolving
medications
* Disposal of unused/outdated medication to sewage systems
* Underground leakage from sewage system infrastructure
* Disposal of euthanized/medicated animal cascasses serving as food for scavengers (ic)
W Release of treated/untreated hospital wastes to domestic sewage systems
(weighted toward acutely toxic drugs and diagnostic agents, as opposed to long-term
medications); also disposal by pharmacies. physicians, humanitarian drug surplus
* Release to private septic/leach fields
* Treated effluent from domestic sewage treatment plants discharged to surface waters or re-injected
into aquifers (recharge)
* Overflow of untreated sewage from storm events and system failures directly to surface waters
* Transfer of sewage solids ("biosolids) to land (e.g., soil amendment/fertilization)
' Straight-piping' from homes (untreated sewage discharged directly to surface waters)
* Release from agriculture: spray drift from tree crops (e.g., antibiotics)
* Dung from medicated domestic animals (e.g., feed) - CAFOs (confined animal feeding operations)
* Direct release to open waters via washing/bathing/swirmming
* Discharge of regulated/controlled industrial manufacturing waste streams
- Disposal/release from clandestine drug labs and illicit drug usage
laoosry 2m
korlgWna Fvtory 200) 1
am Disposal to landfills via domestic refuse,
medical wastes, and other hazardous wastes
"" Leaching from defective (poorly engineered) landfills and cemeteries
- Release to open waters from aquaculture (medicated feed and resulting excreta)
- Future potential for release from molecular pharming (production of therapeutics in crops)
*Release of drugs that serve double duty as pest control agents:
examples: 4-aminopyridine, experimental multiple sclerosis drug -* used as avicide;
warfarin, anticoagulant -+ rat poison; azacholesterol, antilipidemics -*avianfrodent repro-
ductive inhibitors; certain antibiotics -+ used for orchard pathogens; acetaminophen,
analgesic -4- brown tree snake control; caffeine, stimulant -- coqui frog control
SUltimate environmental transport/fate:
" most PPCPs eventually transported from terrestrial domain to aqueous domain
+ phototransformation (both direct and indirect reactions via UV light)
" physicochemical alteration, degradation, and ultimate mineralization
" volatilization (mainly certain anesthetics, fragrances)
" some uptake by plants
" respirable particulates containing sorbed drugs (e.g., medicated-feed dusts)
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